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Each new generation of integrated circuits and other nano-structured devices is 
produced at ever decreasing length scales.  The extension of conventional liquid-phase 
processes for the manufacturing of these devices is uncertain.   
This work investigates the ability of liquids to wet nanoscale features.  A model 
for wetting time is derived that may be used to identify those geometries for which 
wetting is critical.  Conditions under which wetting time is significant may result in low 
yield and poor uniformity, and may require alternate-phase processing.  Furthermore, the 
dependence of wetting time on the properties of the fluid are quantified so that fluids may 
be designed to have optimal properties and thus optimal performance for wetting in 
liquid-phase processes.  The resulting model can be used as a tool to predict future 
processing requirements, and when necessary, to design novel processes implementing 
alternative phase fluids (e.g. vapor, gas-expanded liquids (GXLs), and supercritical 
fluids). 
 This study also quantitatively predicts specific effects associated with modified 
transport properties for dissolution and transport in nanoscale features. The use of GXLs 
is a particularly promising alternative to conventional liquid-phase processes.  GXLs 
have superior mass transport properties relative to liquids, but can maintain the solvent 
strength necessary for IC process steps such as post-etch residue removal and photoresist 
stripping.  In addition, the environmental benefits associated with carbon dioxide (CO2)-
based processes can be substantial. 
 xviii
Conceptual demonstration of the use of CO2-expanded liquids for photoresist and 
residue removal has been performed.  GXLs containing up to 75% CO2 are equally as 
effective as the pure solvents for removal of PHOST-based films.  These experiments 
indicate that GXLs have potential applications in photoresist stripping and post-etch 
residue removal, in which cost savings due to reduced solvent use can be substantial. 
The removal of films with GXLs has been evaluated primarily with x-ray 
photoelectron spectroscopy (XPS).  Additionally, an in situ optical technique has been 
developed for film and GXL diagnostics.   This mutliwavelenght interferometry (MWI) 
technique is applied to dissolution of photoresist in aqueous base solutions, swelling of 
photoresist in solvent vapor, and swelling of photoresist in CO2 at elevated pressures.  
MWI has also been used to evaluate the response of PHOST-based thin films to GXLs 






Some of the greatest innovations of the past half century have involved the 
integrated circuit (IC) industry and perhaps some of the greatest to come in the 
foreseeable future will result either directly from semiconductor technology or through 
mergers with biology and other disciplines.  Clearly, chemical engineering plays an 
important role in the continued development of ICs and related devices.  At the core of 
many of the challenges and opportunities in microelectronics are the basics of chemical 
engineering, including thermodynamics, fluid mechanics, chemical kinetics and reactor 
design.  Indeed, current limitations in existing ICs such as the microprocessor lie not in 
device or circuit design, but in our ability to manufacture these reliably and affordably on 
a large scale. 
There are several key areas that represent tremendous challenges for the future of 
the IC industry, and hence are significant opportunities for research.  At no other time in 
the history of the industry have more new materials been required at the same time.  
Copper is replacing aluminum as the conductor of choice.  New organic materials and 
porous materials are replacing silicon dioxide as insulators.  Substrates other than silicon 
are being proposed for select applications.  However, even these new materials will only 
meet the demands of the industry over the next half decade – subsequently, additional 
new materials will need to be developed and implemented.  Each new material requires 
new chemical processes, and each new process will likely require new reactor designs. 
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A continuing challenge for future ICs is the reduction of feature size in these 
devices, which is beneficial for two main reasons.  First, the time necessary for an 
electronic signal to propagate is proportional in part to the distance the electron must 
travel.  Secondly, smaller geometries allow more devices to be created per unit area, a 
tremendous economic advantage.  Current state-of-the-art ICs are being manufactured at 
a characteristic feature size approaching 100 nm, on the order of 1000-times smaller than 
the diameter of a human hair.  New chemical processes and new reactor designs are 
required to allow further reduction in feature size. 
An additional challenge is to not only improve the performance of ICs but to 
make the cost per function of an IC more affordable.  One approach has been to increase 
the diameter of a silicon wafer, which increases the number of ICs produced in parallel.  
In the year 2000, the industry increased the standard wafer diameter from 200mm to 
300mm.  With this change came many technological challenges, including issues with 
scale-up of reactors for handling these larger dimensions.  
To address these challenges, the extension of conventional liquid-phase processes 
for the manufacture of ICs is uncertain.  For example, research on the limitations of HF-
based cleaning of deep-submicron features (Baklanov, 1998) indicates that the contact 
resistance increases significantly as the size of the contact is reduced below 0.45 microns.  
The authors conclude that “undoubtedly, the application of conventional wet chemistry is 
facing a turning point in the deep-submicron era”. 
The use of gas-expanded liquids (GXLs) may be a promising alternative to 
conventional liquid-phase processes.  GXLs have superior transport properties relative to 
liquids, but can maintain the solvent strength necessary for IC processing steps such as 
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post-etch residue removal and photoresist stripping.  In addition, the environmental 
benefits associated with CO2-based processes can be substantial.  Although supercritical 
CO2 may also be useful, the superior solvent strength and reduced operating pressures are 
among the advantages of GXLs.  The ability to tune physical properties, and thus process 
performance, by gas-expansion may allow progress in process design to be realized for 





2.1 Semiconductor Processing 
Since the invention of the integrated circuit (IC) in 1958, the semiconductor 
industry has boomed to become over a $150 billion market.  From the most primitive ICs 
having only a few components to those of today having more than a billion, 
advancements in the fabrication of the IC has led to faster and cheaper computing, while 
devices have become smaller than ever. 
The manufacturing of ICs today typically occurs by means of more than 400 
processing steps (SIA, 2001).  These steps include unit operations such as ion 
implantation, deposition, lithography, and etching.  Precise control of each of these 
operations is critical for high-yield production of defect-free products. Contamination is a 
major source of these defects, currently accounting for 50% or more of yield losses in IC 
manufacturing.  Accordingly, among the most numerous processing steps are cleaning 
operations, often numbering more than 80.  Cleaning in general aims at selectively 
removing unwanted substances to yield a surface having desirable properties.  These 
unwanted substances may include organic films and residues such as photoresist, 
inorganic materials such as metal oxides or metal salts, or particulates such as those 
originating from plasma reactors.  Semiconductor cleaning specifically encompasses 
surface preparation and modification, residue removal, photoresist stripping, particle 
removal, rinsing, and drying. 
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Since the first development of manufacturing processes for solid-state devices and 
ICs, cleaning has been performed primarily using liquid phase processes.  Two main 
regimes of cleaning chemistry are designated as front-end-of-line (FEOL) or back-end-
of-line (BEOL).  Transistors and other devices are fabricated through selective doping of 
the silicon substrate in FEOL.  The standard clean for decades for FEOL has been the 
RCA clean (Kern and Puotinen, 1970) or modifications thereof.  The RCA clean is a 
multistep process comprised of an NH4OH/ H2O2/DIW (deionized water) bath (Standard 
Clean 1, or SC-1), a dilute HF dip, an HCl/H2O2/DIW bath (Standard Clean 2, or SC-2), 
and multiple DIW rinse steps.  Other FEOL formulations that have been used include 
ozonated water and the Piranha clean (sulfuric acid/ H2O2/DIW)(Kern, 1993). 
BEOL refers to all processing beyond the first deposition of metal and includes 
fabrication of the multiple levels of wiring and insulators used to interconnect the 
devices.  Interconnects are generally fabricated by blanket deposition of a material 
followed by selective etching.  Etching by means of plasmas can be highly anisotropic, is 
more easily controlled, and produces less waste than with wet techniques.  Therefore, 
plasma-etching processes are used most frequently in critical steps of fabrication.  Plasma 
processes are not without their shortcomings, however.  Substrate damage and 
contamination may be significant.  
 
2.2 Problem Significance 
 More new materials are being introduced today than at any other time in the 
history of IC fabrication (Braun, 2001), particularly in BEOL in which new low dielectric 
constant materials are replacing SiO2 as the insulator and copper is replacing aluminum 
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as the conductor.  The dual damascene technique is the primary means for building 
interconnects using copper (DeJule, 2000).  Although aluminum metallization involves 
plasma etching of the metal, dual damascene has been developed due to the nonvolatility 
of copper etch products.  Dual damascene involves selective etching of the dielectric 
film.  Subsequently, copper is electrochemically deposited as a blanket layer and 
planarized with chemical mechanical polishing (CMP). 
A specific challenge is the cleaning of vias. Vias are small holes patterned in an 
interlayer dielectric to connect two metal layers.  These features may prove most difficult 
to process due to the high-aspect ratio and reduced feature size (sub-100 nm) demanded 
in future generations of devices, as defined in the International Technology Roadmap for 
Semiconductors (SIA, 2001) (Table 2.1).  The structures that remain after etching vias are 
patterned layers that may contain numerous post-etch residues.  Some of the mechanisms 
by which these residues will form include: 
• The formation of nonvolatile products in secondary reactions 
between gas phase neutrals and the film to be etched 
 
• Sputtering of the etch mask resulting in redeposition on via 
sidewalls and bottom 
 
• Back-sputtering of the underlying films once exposed during 
overetch 
 
Table 2.1.  Wiring pitch and aspect ratio are the geometries 
of interest for cleaning (SIA, 2001). 
 
 1999 2002 2005 2008 
Local wiring 
pitch (nm) 500 365 265 185 
Local wiring 
aspect ratio 1.4 1.5 1.7 1.9 
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Residues at the bottom, sidewalls, and top of these features can cause poor contact 
upon subsequent depositions, may alter the properties of low-k dielectric films, and may 
lower the conductance of metal lines.  Inadequate cleans show 1000 times greater 
dielectric leakage current and a wider capacitance range (Dornisch, Li, and Brongo, 
2000).  Therefore, these structures must be free of essentially all residues. 
The residue that remains after an etching process is dependent upon the dielectric 
material, the etching gas, and all other exposed materials.  The following etch residues 
have been reported (Dornisch, Li, and Brongo, 2000):  
 Materials etched:    Etch residues: 
SiO2 based dielectrics with or CFx-Cu, CHxFy, CuFx, 
without dopants such as C, F, N CuOx 
 
Carbon based low-k dielectric polymers CuOx, CHx 
 
The primary chemical formulations for BEOL cleaning involve hydroxylamine-
based chemistries (Lee, 1989).  However, these formulations are corrosive to copper and 
tungsten.  Noncorrosive materials such as fluoride-based chemistries have been suggested 
as alternatives (Kanegsberg, 2001), yet these often result in etching of exposed silicon 
dioxide.  The hydroxylamine- and fluoride-based formulations often contain a mixture of 
organic solvents and water, in addition to various surfactants to aid wetting.  Current 
commercial formulations have proven to be ineffective in fully removing these etch 
residues (Louis, 2001).  Unless improved solutions are developed, high-yield 
manufacturing will not be possible for next generation devices. 
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2.3 Future Process Requirements 
Since residue removal plays such an important role in the fabrication of ICs, 
improvements in this area can have tremendous impact on increasing yield while 
lowering the cost of the overall process.  Research on alternative cleaning processes 
generally aims at improving one or more of the following: 
1. Uniformity 
2. Reduction of process time and increased throughput 
3. Reduction of toxic chemical and DIW consumption 
4. Compatibility with new materials 
5. Reduction of residual contaminant concentration 
Process time is a very important factor when developing cleaning methods.  Batch 
cleaning in which dozens of wafers are processed simultaneously differs significantly 
from single wafer processing.  A cleaning process that in a batch system could take 30 
minutes must occur in minutes in a single wafer tool to ensure adequate throughput.  
Combining steps or using alternative cleaning processes which do not require distinct 
rinsing or drying will also reduce processing time, chemical consumption, and process 
complexity, but yield must not be sacrificed.  For example, commercially available 
formulations for photoresist stripping and etch residue removal must typically be 
followed by a DIW rinse and a drying step.  Using a formulation that does not require 
separate rinsing and drying steps can lead to significant cost reduction. 
The semiconductor industry also constantly strives to reduce the volume of toxic 
chemicals and water used to process ICs.   The safety and health risks associated with the 
use of toxic chemicals can lead to considerable environmental and personnel concerns 
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and costs to a company.  The massive quantities of DIW consumed at some wafer 
fabrication facilities (fabs) can put a significant strain on community water supplies 
(Parker, Chiarello and Gomez, 1998).  For these reasons, alternate processes that reduce 
the use of toxic chemicals and DIW can be of tremendous benefit. 
Compatibility and effectiveness of cleaning processes with new materials is 
crucial.  As previously mentioned, more new materials are being introduced today than at 
any other time in the history of IC fabrication.  New cleaning processes must be 
formulated for compatibility with these new materials (Braun, 2000). 
Finally, minimum feature sizes are decreasing to the point where physical 
properties such as surface tension, viscosity, and diffusivity can limit the effectiveness of 
currently available cleaning formulations; this results in sub-optimal yield.  
Understanding these physical property effects on cleaning performance is needed if yield 






 Liquid-phase processing is used routinely in the fabrication of integrated circuits 
(IC), microelectromechanical systems (MEMS), and nano-structured devices (Campbell, 
1996).  Specifically, liquid-phase process steps include rinsing, cleaning, surface 
conditioning, photoresist stripping, and post-etch residue removal.  The liquids used 
range from organic to aqueous and acidic to basic, but they often share the common 
property of being environmentally hazardous with regard to flammability, human health, 
and pollution.  In addition, limitations may exist in the use of liquids to process nanoscale 
features.  For instance, viscosity, surface tension, and diffusivity of liquids may inhibit 
mass transport and surface wetting. 
 Carbon dioxide has been suggested as an alternative to traditional liquids for 
surface cleaning and photoresist development (SIA, 2001).  Carbon dioxide is relatively 
benign in terms of flammability, toxicity, and environmental impact.  In addition, CO2 
physical properties include a significantly lower viscosity and surface tension, and a 
greater diffusivity than liquid counterparts, which suggest the possibility of improving 
mass transport and wettability.  However, carbon dioxide is often a poor solvent in the 
liquid phase and is even less effective in the supercritical phase.  Some solubility of 
materials such as silicones and fluorocarbons is possible, but other materials, especially 
those with polar moieties, are essentially insoluble. 
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Due to their unique range of properties, gas-expanded liquids (GXLs) may 
overcome the limitations of traditional solvents, pure CO2, and supercritical mixtures of 
these components.  The physical properties of GXLs range between those of the pure 
components, suggesting that excellent mass transport and excellent solvent strength are 
possible.  For example, the solvent strength of GXLs is much greater than that of gases or 
supercritical fluids, while the surface tension and viscosity of GXLs is much lower than 










Figure 3.1.  Comparison of various classes of fluids. 
 
Consider a closed system in which carbon dioxide is in equilibrium with a solvent 
such as ethanol.  At low pressures (~ 1 atm), the amount of carbon dioxide that is in the 
liquid phase is minimal.  However, at elevated pressures, carbon dioxide may have 
significant solubility, and the total volume of the liquid phase will increase (Chang et al., 
1998).  This new liquid is termed a GXL.  When the pressure approaches the vapor 
pressure of CO2, the fluid volume is entirely liquid.  Therefore, the composition of the 
liquid can be varied from that of essentially pure solvent to that of essentially pure liquid 
carbon dioxide if the components are miscible. 
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 GXLs have been utilized for crystallization (Bertucco, 1999) and other separation 
applications (Lee, Olesik, Fields, 1995)(Chang, Randolph, 1991)(Eckert, Bush, Brown, 
Liotta, 2000).  However, to the authors’ knowledge, no studies have been reported where 
applications of GXLs in microelectronics processing have been investigated.  This class 
of liquids may be particularly useful for photoresist and residue removal. 
 
3.2 Physical Property Modification  
 As the composition of a GXL is modified, the physical properties (viscosity, 
diffusivity, density, etc.) are similarly modified over the range of the pure component 
properties.  Hence the properties of the liquid phase (e.g., for solubilization of residues, 
removal of photoresists, penetration of shallow trenches) are tunable (West, 2001).   
 The physical parameters of a GXL as a function of composition can be 
approximated from pure component data.  For example, the dependence of properties 
upon the composition of CO2-expanded ethanol will be considered.   The physical 
properties of these components in Table 3.1 gives an indication of the range over which 
the properties of a GXL may be tuned. 
 
Table 3.1.  The viscosity (µ), surface tension (γ), and 





ρ ∼   
γ 
 EtOH   L-CO2 units 
  1.0  .06-.09 mPa-s 
 790 
    1.5   22 mN/m 
     1100 kg/m3 
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 The dependence of physical property modification upon composition is of 
interest, particularly for estimating the impact of gas expansion upon process factors such 
as wetting and transport (Chapter 4 and 5).  For the ratio of the density of a GXL to that 
of a pure liquid, experimental data is available (Chang, 1998) and at 298 K: 






where ρ is density and x is the mole fraction of ethanol in the liquid phase. 
 The viscosity of a binary liquid mixture is interpolated from the pure component 
viscosity as (Poling et al., 2001) 
  12212211 lnlnln Gxxxxmix ++= µµµ  [3.2] 
where G12 is an empirical interaction parameter.  If the interaction is assumed to be 
minimal and this parameter is neglected, Equation 3.2 reduces to 
  21 21
xx
mix µµµ =  [3.3] 
Therefore, for a GXL, the viscosity ratio is 










The viscosity (DIPPR, 2002) (in mPa-s) at 298 K for ethanol is ~1.06, and that of liquid 
CO2 is 0.064. 
 Correlations exist to approximate values of diffusivity.  One such correlation is 
the Wilke-Chang equation for diffusivity given by (Middleman, Transfer, 1998)  








φ−×=  [3.5] 
where M is the molecular weight of the solvent, V is the molal volume of the solute, and 
φ is a solvent association factor.  For non-hydrogen-bonded solvents such as CO2, φ = 1.  
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For ethanol, φ = 1.5. It is assumed for simplicity that φGXL is the weighted average of the 
pure component φ’s and, by definition, MGXL is the weighted average of the individual 
molar masses.  Therefore the ratio of the diffusivity for this correlation is 








































+−=  [3.6] 
 The concentration ratio may be calculated if solubility data for a solute of interest 
exists.  However, if this information is unavailable, it is assumed that the solubility in 
CO2 is much less than in the solvent (ethanol in this case) and if the solubility of the GXL 
is assumed to follow a linear function of the pure component solubility, the ratio is 
simply x. 
 These functions for physical properties vs. GXL composition are useful for 
estimating processes dependent on these properties, such as wetting and transport. 
  
3.3 CO2 Expansion of Organic Solvents  
Many organic solvents are completely miscible with CO2, resulting in a single 
liquid phase.  Two such solvents commonly used in microelectronics processing are 
ethanol and n-methyl pyrrolidone (NMP).  Equilibrium data for these materials is plotted 
in Figures 3.2 and 3.3. NMP and ethanol mixtures with CO2 are representative of ideal 
liquid mixtures and are well characterized by Raoult’s Law.  Water, however, is not 



























Figure 3.2.  Pressure-composition data for GXLs of CO2 

























Figure 3.3.  Pressure-composition data for GXLs of CO2 
and NMP at 15°C and 25°C (Zubchenko, 1985). 
 
 
GXLs are formulated in the laboratory using the equipment illustrated in Figure 
3.4.   Two high pressure syringe pumps (ISCO, Inc.) are used.  Pump A is operated in 
constant pressure mode for maintaining the pressure setpoint (and thus composition) 
while Pump B is operated in constant flow mode and used for controlling the delivery of 
liquid.  Care is taken to ensure adequate mixing of CO2 and the solvent at the temperature 
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and pressure of interest so that the composition of the liquid is controllable and able to be 
estimated from literature data. 
 
   
 
 
Figure 3.4.  Two high pressure syringe pumps are used to 
formulate and deliver GXLs.  A schematic diagram of the 
pumps and mixing chamber is shown on the right. 
 
Pump B is first loaded with the solvent of interest.  When the system is 
depressurized and all valves are closed, the liquid inlet valve on Pump B is opened and 
the inlet tube is placed in a beaker filled with the solvent.  During filling of the pump, the 
tube inlet is fully submersed in the liquid.  The refill rate of Pump B is set at 
approximately 40 mL/min.  Filling of the pump is stopped after it is loaded with the 
desired amount of solvent.  The liquid inlet valve is then closed and the pump contents 
are delivered to the liquid mixing chamber. 
To pressurize the system with CO2, the CO2 cylinder is opened to Pump A.  Pump 
A is filled to a sufficient volume such that the GXL can equilibrate and the experiment 
can be run at a rate of ~100 mL/min.  After the pump is full the valve to the mixing 
chamber is opened.  The CO2 cylinder valve is opened just enough to approach the 
Solvent 
Inlet 





pressure setpoint.  Pump A is operated in constant pressure mode at the setpoint.  If Pump 
A empties, the CO2 cylinder is again briefly opened. 
To enhance the mixing of solvent with CO2, the mixing chamber is periodically 
agitated.  Also Pump B is set to automatically refill to 55 mL when emptied while 
delivering at a rate of 30 mL/min.  This will cause the pump to continually deliver and 
draw liquid into and out of the mixing chamber.  This status is maintained for several 
hours to ensure sufficient mixing. 
To maintain control of the vapor-liquid phase equilibrium concentrations, each 
region of the equipment through which fluid is transported must be maintained at the 
specific temperature setpoint of the particular experiment.  Any deviations from this 
setpoint will shift concentrations in the fluid.  Therefore, the pumps, mixing chamber, 
lines, and sample chamber are each equipped with an independent heater and 
thermocouple.  The temperature is controlled with a single multi-zone controller.  Most 
experiments, however, have been performed at room temperature. 
Two techniques have been used to check qualitatively the agreement of GXL 
composition formulated in the lab with reported literature data.  First, a known amount of 
GXL is delivered to an expansion vessel, allowing CO2 to flash.  The remaining volume 
of solvent is collected.  Following the aforementioned procedure for formulating GXLs, 
reasonable agreement with literature data is obtained.  For example, NMP was mixed 
with CO2 at 5.0 MPa and 22.5°C, which according to reference data should yield a GXL 
of 70mol% CO2 with a molar volume of 60 mL/mol.  This should yield a volume of 
solvent after flash equal to 50% of the GXL volume.  Following the procedure for 
obtaining a well mixed GXL, 25 mL were collected from 50mL of GXL.  However, for 
 18
an inferior mixing procedure (insufficient time and mixing), 40 mL were collected from 
50 mL of GXL. 
Second, using an optical technique detailed in Chapter 6, the refractive index of 
the GXL is monitored.  The refractive index of a mixture can be calculated from pure 
















where Ri is the molar reflectance, MWi is the molecular weight, and ρi is the density, all 
of component i, and nmix is the refractive index of the GXL.  CO2-expanded ethanol at 
5000 kPa and 22.8°C, for example, had a refractive index of 1.234.  This is comparable to 
the predicted refractive index using Equation 3.7 of 1.240.  Unfortunately, 
complementary techniques for comparatively measuring the refractive index of these high 
pressure liquids are not available. 
 
3.4 CO2 Expansion of Organic Bases 
 Although photoresist residue can often be removed using traditional solvent 
formulations, more extreme processes such as plasma etching, ion implantation, and 
thermal annealing yield photoresist residue that can only be removed with more 
aggressive chemistries.  Commercial formulations for these applications primarily 
contain amines as the reactive component.  Therefore, CO2 expansion of these types of 
formulations has been investigated. 
 DuPont-EKC Technologies (Hayward, CA) is one supplier of commercial 
formulations used for photoresist removal.  Two specific products were targeted for 
 19
investigation of gas expansion, EKC 505 and EKC 830, both of which are nonaqueous 
formulations containing amines. 
 EKC 505 primarily contains NMP, morpholine, and butyrolactone.  These 
molecules and others referred to in this section are pictured in Figure 3.6.  This 
formulation yields a precipitate upon mixing with CO2, as can be seen simply by 
bubbling CO2 through this formulation contained in a beaker.  CO2 reacts with the amine 
to form an insoluble product.  This reaction has been described in the literature (Versteeg 
and Swaaij, 1988) to proceed as 
 NCOOHRRNHRRCO 21212 ↔+  [3.8] 
 +−↔+ 221212121 NHRRNCOORRNHRRNCOOHRR  [3.9] 
 
 
Figure 3.6.   Molecular structures of, from left to right, 




EKC 830 is a mixture of NMP and 2-(2-aminoethoxy)ethanol.  Bubbling CO2 
through this formulation in a beaker does not produce solid, although the liquid becomes 
highly viscous.  If a reaction occurs, the product remains soluble.  The significant 
temperature rise observed suggests that this reaction does occur.  Using a Jurgeson gauge, 
the formation of a solid is observed at elevated pressures. 
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 CO2 is clearly not an inert component in these mixtures.  Indeed, CO2 is a Lewis 
acid, and thus interactions with bases will occur.  This suggests there may be 
opportunities to design novel formulations for use with CO2.  Tertiary amines, for 
instance, have been reported to not react with CO2 in nonaqueous solvents. 
 To explore the interaction of CO2 with tertiary amines, triethylamine was mixed 
with CO2 both in a beaker and at elevated pressure.  Beaker experiments suggested no 
reaction; that is, heating and precipitation as observed in experiments with primary and 
secondary amines did not occur.  Even at elevated pressures up to 5.5 MPa, no sign of 
reaction is observed.  However, this decrease in reactivity of the amines with CO2 quite 
possibly coincides with a decrease in reactivity of a tertiary amine with photoresist 
residues.  Indeed, no commercial formulations are known to contain tertiary amines. 
 
3.5 High Pressure ATR-FTIR 
Understanding the compositional changes of a remover formulation upon CO2 
expansion can be greatly aided with FTIR.  For such analyses, a high pressure cell has 
been modified and optimized so that GXL compositions may be investigated.  The 
general design has been previously described (Kamal, 2000), but does not adequately 
hold pressures up to 1000 psi.  O-ring design tools are provided by many suppliers of o-
rings.  An online o-ring seal design tool by Apple Rubber Products was used to modify 
and improve the design of the FTIR high pressure cell.  In particular, the mobility of the 
o-ring within the groove must be minimized in order to avoid excess fatigue.  Therefore, 
the o-ring outer diameter (OD) must be at least equivalent to the groove OD or up to 1% 
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larger.  The groove OD of the cell is 1.783”, but the original o-rings used have an OD of 
1.674”.   
 The most likely source of failure, however, relates to two bolts that support the 
crystal in the cell.  The area of the crystal exposed to elevated pressure is 2.0 square 
inches.  For a pressure of 1000 psi, 2000 lbs of force are applied to the crystal, and 
consequently directed on two bolts, #4-40.  These bolts have a tensile area of 0.00604 
square inches; thus, the pressure they each support is over 160,000 psi.  Since the tensile 
strength of steel is about 60,000 psi, this is likely a source of failure.  Indeed, the support 
beam was observed to have bowed under the force directed upon it. 
 The new design consists of a new bottom plate for supporting the crystal (Figure 
3.7).  The plate is supported along the periphery by 8 #4-40 bolts.  The dimensions of the 
plate are machined such that the gap between the crystal and reactor top is precisely 
maintained to avoid extrusion of the o-ring.   However, this new design will only be 
effective if the tolerance of the dimensions determining the clearance gap is much less 
than the gap clearance itself.  Even with precision machining of the cell and plate, the 
crystal has a tolerance on the order of the gap.  Therefore the plate support must be used 
only with a crystal of a particular thickness.  To be able to interchange crystals, multiple 
plate supports machined appropriately for the gap must be fabricated.  This new design 
was found to effectively hold pressurized CO2 up to 6 MPa.  This pressure capability 
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3.6 Environmental, Safety, and Health Issues 
In order to more fully exploit the opportunities to minimize environmental impact, 
the post-processed solvent within a GXL (after a photoresist removal process) can be 
collected by reducing the pressure to separate CO2 from the solvent and thus obtain an 
estimate of the amount of CO2 recoverable.  Presumably the large differences in vapor 
pressures will yield opportunities for recycling CO2. 
Also, calculations can be performed to estimate the advantages possible with 
respect to flash point and flammability limits of GXLs relative to pure solvents.  These 
property values can be approximated from pure component data (Crowl and Louvar, 
1999).  Because the GXL is formed in a closed system, under elevated pressure, 
flammability is only an issue if a leak develops in the system.  The lower flammability 
limit for ethanol, for example, is 3.7%.  However, the composition of CO2 in the vapor 
head of a GXL is always greater than 98% (Chang, 1998) in the pressure and temperature 
range of interest (4-6 MPa and 290-315 K), yielding an inflammable mixture if a leak 
develops from the gas phase.  A leak from the liquid phase of a GXL will lead to a flash 
separation of CO2 vapor from the flammable liquid, resulting in no change in 
flammability from the pure solvent. 
A full cost analysis is necessary to determine if GXLs can be used commercially.  
While not all costs are known, some estimates can be readily performed.  Cost factors for 
pressure vessels are available (Peters, 1991); a reactor operating at up to 800 psig costs 
3.8 times that of a reactor operating at up to 50 psig.  However, a reactor operating at up 
to 3000 psig, as what might be of interest in supercritical fluids, costs 8.8 times that of the 
50 psig vessel. 
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The increased capital and operating costs expected with high pressure equipment 
can be offset if the volume of consumables can be reduced.  Recent data from TSMC, a 
manufacturer of ICs, indicates chemicals used for processes such as cleaning account for 
18% of the total material costs in IC manufacturing (Tracy, 2003).  These chemical costs 
are second only to wafer costs at 47.4%. 
SEMATECH, a consortium of IC manufacturers, offers a fab simulation and 
economic modeling tool from which the cost of consumables is estimated to be 5 times 
that of equipment costs (Table 3.2).  If these figures are representative of actual costs, this 
suggests that even a small decrease in the volume of chemicals consumed will 
compensate for increased operating and equipment costs for high pressure operation. 
 
Table 3.2.  Economic factors for estimating the ratio of the 
cost of consumables to the cost of equipment. 
 
Consumables per wafer $25 
Wetbench with 125 wafers/hr throughput $2,000,000 
Equipment Depreciation 5 years 
Equipment Installation 15% 
Equipment Maintenance 7.5% 
Equipment Downtime 5% 
Cost of Consumables/Cost of Tool 5 
 
3.7 Conclusion 
Gas-expanded liquids possess improved transport properties relative to liquids, 
but are superior solvents in comparison to supercritical fluids.  Therefore, GXLs may 
prove useful as alternatives to conventional liquids for cleaning processes, and 
preliminary cost estimates suggest feasibility.  Models for physical property estimation 
have been applied for predicting properties of GXLs as functions of CO2 concentration.  
Equipment capable of forming and delivering GXLs has been designed, assembled, and 
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optimized.  With this equipment, GXLs of varying composition can be studied.  Gas-
expansion of organic solvents has been observed to correspond well with literature 
pressure-composition data, but CO2-expansion of solvents containing primary and 
secondary amines yields precipitation of reaction products.  Tertiary amines may 
alternatively prove useful as components in CO2-based fluids, and future work may 
investigate the applicability of tertiary amines in cleaning formulations.  A high pressure 
ATR-FTIR cell has been redesigned and fabricated for studying the compositions of these 
GXLs.  The increased operating and capital costs of high pressure equipment may be 
more than offset by the reduced cost of consumables in GXLs since these consumables 






To evaluate the extendibility of liquid processes to the fabrication of future device 
generations (i.e., smaller geometries) and for the design of new processes, the physical 
parameters (Table 1) of the processing fluids, reactor design, and device structures must 
be correlated to the process figures of merit.  Specifically, for surface cleaning or 
preparation, film removal (i.e. photoresist stripping, chemical etching), and film 
deposition (i.e. spin casting, electroplating), these figures of merit include throughput (or 
processing time), chemical consumption, uniformity, etch/deposition rates, and especially 
cost. 




Liquid Properties Viscosity, surface tension, density 
Geometrical Parameters Feature size, aspect ratio, pitch 
Processing Conditions Pressure, temperature, flow rate, flow profile 
Other Liquid Related Properties Contact angle, diffusivity, solubility 
 
Any liquid-phase process must begin by complete wetting of the surface.   Efforts 
to model liquid-phase processes and the various steps of the process mechanism 
(Mazouchi, Homsy, 2001)(Takahashi, Gross, 1999)(Lin, Busnaina, Suni, 2000)(Hebda, et 
al, 1999)(Olim, 1997) generally neglect this initial wetting step by assuming that 
complete surface wetting occurs instantaneously.  However, this assumption may be 
invalid if wetting is obstructed in features such as high aspect ratio vias and trenches, and 
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on surfaces that exhibit a high contact angle with process liquids, i.e. organic polymer 
dielectrics in contact with aqueous solutions. 
One study (Olim, 1997) investigates the wetting mechanism but concludes that 
wetting time is an insignificant contributor to total processing time; for example, a 0.5 
µm wide feature with a height of 4 µm was estimated to completely wet in less than 1 s 
(Olim, 1997).  This study was performed for specific liquid properties in which the 
displacement of gas by a wetting liquid is modeled in the limit of steady-state transport 
dominated by diffusion only in the feature.  The time-dependence of wetting and the 
resistance to mass transfer outside of the feature are neglected.  This chapter accounts for 
these issues for various fluid properties by detailing the wetting mechanism and by 
modeling the transport processes involved.  From this model, an expression is derived to 
calculate the wetting time for features of cylindrical geometry.  The wetting time is 
related directly to parameters that may be tuned in a cleaning process (e.g. surface tension 
or contact angle) and specifically to how the wetting time varies with feature width and 
height. This analysis identifies those conditions under which the wetting time may be a 
significant contributor to total process time. 
 
4.2 Wetting Impedance:  Gas Cavity Formation  
In the typical situation of a liquid wetting a surface initially in contact with a gas, 
the liquid must fully displace this gas. Fundamental fluid mechanics describes this 
dynamic wetting process (de Gennes, 1985).  A contact line is defined as the interface 
between the vapor, liquid and solid; pinning of this contact line may occur on rough 
surfaces and is exacerbated when the roughness is extended to deep parallel grooves.  A 
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description of this case can be formulated by identifying a metastable “composite” 
surface (Dettre, Johnson, 1964).  Here, the entrapment of gas cavities (G) between the 
liquid (L) and solid (S) can occur, as shown in Figure 4.1 for an arbitrary feature shape.  
The dynamics of this wetting process are complex, but formation of such a cavity is a 







Figure 4.1.  A nonplanar solid surface (S) with trapped gas 
cavities (G) formed with a liquid (L) at contact angle, θ. 
 
The liquid contacts the walls of the solid features with angle θ, which depends 
upon the relative interfacial tensions of the solid, liquid, and gas.  Only if the solid has a 
greater affinity for the liquid than for the gas (the contact angle is less than 90°) will the 
feature wet. 
The formation of a gas cavity will occur only in features of sufficient depth.  
Therefore, a simple geometrical analysis can be performed to estimate the critical aspect 
ratio (h/w) above which a gas cavity will form.  For shallow features, an advancing liquid 
with a contact line approximated by a straight line will contact the feature bottom prior to 
contacting the opposite side of the feature and the feature will immediately wet.  
However, if the liquid contacts the opposite side of the feature before contacting the 
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bottom, gas will be trapped in the feature (Figure 4.2).  The critical aspect ratio above 








Figure 4.2.  For a feature with height h1, liquid will fully 
wet the feature while that with height h3 will form a gas 
cavity. Height h2 defines the critical aspect ratio, cotθ. 
 
The result of the liquid contact in the feature is a curved interface, across which a 













P γ   [4.1] 
where r1 and r2 are radii of curvature of the interface, and γ is the gas-liquid interfacial 
tension.  For a cylindrical feature, r1=r2, and after a trigonometric substitution relating the 
curvature to the contact angle, θ, and feature width, w, this expression becomes 
 
w
P θγ cos4int =∆ . [4.2] 
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Any gas initially contained in a cylindrical feature may be trapped and compressed as the 
fluid flows into the feature as a result of the developed pressure gradient (Figure 4.3).  A 
similar analysis can be performed on a trench structure.  In this case, the radius of 
curvature is infinite in one dimension, and Equation 4.1 reduces to 
 
w
P θγ cos2int =∆ . [4.3] 
However, the probability of cavity formation likely decreases as the length of the trench 
increases because a larger area must be enclosed by the liquid for gas to be trapped.  The 










Figure 4.3.  An illustration of the geometry defined to 
describe feature wetting. 
 
 
The interface will approach a quasi-equilibrium position as the gas cavity is 
compressed and the pressure gradient approaches zero.  The rate at which the liquid flows 
into the feature is given by the Hagen-Poiseuille Equation for laminar flow in a cylinder 







==  [4.4] 
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where u is the average velocity and µ is the viscosity of the liquid.  In Equation 4.4, the 
pressure gradient, ∆p, is the difference between the equilibrium feature pressure and the 
instantaneous feature pressure, hPO/(h-l). These expressions describing the compression 
of gas in a capillary have analogously been derived for flow in porous media (Churaev, 
2000).  
The time, tp, required for liquid incorporation into the feature can be estimated by 
integrating Equation 4.4.  If it is assumed that the liquid traps the volume of gas initially 
in the feature and that the gas behaves ideally, solving for the time necessary to move a 
length, l, yields:  
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−  [4.6] 
where le is the equilibrium distance from the top of the feature, h is the height of the 
feature, PO is the initial pressure of the gas (generally 1 atm) and Pf is the equilibrium 
pressure in the feature.  This feature pressure is the sum of the curved interface pressure 
drop (∆Pint), the pressure from the weight of the fluid, and the externally applied pressure 
(generally 1 atm).  The curved interface pressure drop is especially significant for 
























γ  = 1 mN/m
γ  = 72 mN/m
γ  = 24 mN/m
 
Figure 4.4. The feature pressure increases exponentially as 
the feature size is reduced.  The plot illustrates this trend 
for surface tensions of (a) 72, (b) 24, and (c) 1 mN/m. 
 
There are two important manifestations of the feature pressure.  First, the pressure 
can be correlated to the solubility of the gas in the liquid through Henry’s Law or other 
thermodynamic equilibrium data.  Second, this pressure may lead to mechanical failures 
in the structure, particularly for new materials such as polymers or porous materials that 
generally have poorer mechanical strength than dielectrics such as SiO2.  Although work 
on pattern collapse attributes feature deformation to the drying step, it is possible that this 
may also occur during wetting in which even greater capillary pressures may develop.  
For weak structures such as freestanding lines, collapse has been reported to occur during 
drying (Namatsu, et al, 1995).  Using Equation 4.3, the pressure leading to collapse of 
these features can be at most 0.1 MPa.  (Although the pressure drop calculated from 
Equation 4.6 is much larger, the absolute pressure in the feature cannot be less than zero.)  
For mechanically stronger structures such as vias and contact holes, pressures necessary 
 33
to cause collapse are likely on the order of the material’s modulus, which for new 
dielectric materials such as porous MSQ have been reported to be ~1 GPa (Mogilnikov, 
Baklanov, 2002).  This topic is discussed in detail in Section 4.6. 
 
4.3 Complete Wetting through Gas Transport 
 If the gas trapped in the feature is insoluble in the liquid, the feature does not fully 
wet.  However, since gases are generally slightly soluble in liquids, the gas will diffuse 
into the liquid, ultimately allowing the feature to completely wet.  The flux of gas into the 
liquid as a function of time is proportional to the concentration gradient at the liquid-gas 
interface.  Thus, the concentration profile of gas in the liquid can be calculated by 






∂ 2  [4.7] 
where D is the diffusivity of gas in the liquid and u is the liquid velocity.  This partial 
differential equation does not have an analytical solution.  Solution of Equation 4.7 is 
simplified tremendously if either of two assumptions can be made.  First, if the system is 
at steady state, an analytical solution is possible when a correlation for a mass transfer 
coefficient is invoked.  Second, by assuming that diffusion is the dominant transport 
mechanism, the convection term may be neglected, and a simplified solution is possible 
through combination of the temporal and spatial variables.  These simplifying 
assumptions can be validated only after solution of the complete equation. 
A general model for the velocity profile can be obtained by considering flow past 
a flat plate with a coordinate system depicted in Figure 4.5, with a no-slip boundary 
condition (u=0) specified at the surface.  Although the substrate of interest is nonplanar, 
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the flat plate model will be a valid approximation since the flow is approximately equal 
to zero within the features as well (Nakao, et al, 1990).  Because the flow profile is nearly 
unidirectional, diffusion dominates in the y-direction (in the limit of tightly packed 
features – otherwise radial diffusion occurs), and convection dominates in the x-direction.  



























Figure 4.5.  The momentum and concentration boundary 
layer for flow past a flat substrate. 
 
 
Transport of gas into the liquid occurs primarily through diffusion from the gas 
cavity interface to the top of the feature, and then by both convection and diffusion into 
the bulk liquid.  Initially, the resistance to transport in the feature will be neglected to 
simplify the model and y=0 is defined as the position at the feature top. 
The finite difference method has been used to solve Equation 4.8 in MATLAB, 
(this code is included in Appendix A) using central differences to define the spatial 
derivatives on the interior nodes and forward and backward differences on the boundaries 
and for the time derivative.  The geometry is defined in the x-direction by the length of a 
wafer (300-mm) and in the y-direction by a distance into the liquid, d.  The velocity 
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= . [4.10] 
This velocity profile will be applicable until the transition to turbulence (Middleman, 
Fluids, 1998)16 occurs at u0x/ν = 5×105.  For aqueous solutions (kinematic viscosity, ν, is 
10-6 m2/s) and a 300 mm substrate, the velocity profile is valid when u0 < 1.6 m/s.  Above 
this velocity, a model for turbulent boundary layer flow must be used. 
Henry’s Law can be used to correlate concentrations with pressures through the 
relation P = kHC, where kH is the Henry’s Law constant.  It as assumed here that the time 
for transport is much larger than the time for Poiseuille flow and that the pressure within 
the feature, Pf, is constant.  (In all calculations performed in this study, the time for 
Poiseuille flow was at least 1000 times less than the time for transport, supporting the 
assumption).  The concentration at the surface is initially proportional to the gas pressure 
in the feature, and this concentration will remain constant until the gas has been entirely 
transported from the surface. 
From the concentration profile, the surface flux can be calculated as a function of 
position and time.  Integrating this flux with respect to time yields the total amount of gas 
transported into the liquid.  The time at which this total equals the amount of gas initially 
in the feature (estimated using the ideal gas law) is the time at which the feature is 
completely wet. 
The above approach was used to calculate feature wetting times for a range of 
liquid velocities; one particular result is shown in Figure 4.6.  It is clear that velocities as 
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large as 25 m/s do not influence the total wetting time in this example.  This important 
result indicates that under some conditions, the transport is diffusion limited.  As a result 
the velocity term in Equation 4.7 can be neglected, and a simple expression for wetting 
time may be found for diffusion-limited conditions.  
 
Figure 4.6.  The wetting time is independent of the liquid 
velocity up to 20 m/s for a feature with 150-nm diameter 
and 1.2 µm depth. 
 
 
The particular velocity below which the system is diffusion limited is a function 
of the feature geometry and the fluid properties.  This critical velocity, uc, below which 













ν . [4.11] 
where td is derived below.  In addition, it should be noted that the concentration profile is 
strongly time-dependent at these time scales. This indicates that a steady-state 
approximation to Equation 4.8 would yield an inaccurate solution to this problem. 
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4.4 Diffusion-Dominated Transport 







=  [4.12] 
where the transport both in and out of the feature is now accounted for by defining y=0 as 
the position of the liquid-gas interface.  By combining variables t and y into the quantity 





=ζ  [4.13] 









−=  [4.14] 
With the previously defined boundary conditions, the solution to Equation 4.14 is
 ( ) ( ) ( ).ζζ erfCCCC BOO −=−  [4.15] 
where CO and CB are the concentrations of gas at the cavity interface and in the bulk 
liquid, respectively. 
From Equation 4.15, the total amount of gas transported into the liquid, M, can 
alternately be found by integrating the concentration profile from y=0 to infinity at the 
wetting time, td, yielding 




1 ζ  [4.16] 





=ζ  [4.17] 
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so that M can be expressed as  




14 . [4.18] 
The integral in Equation 4.18 is simply (π)-1/2.  Therefore,  
 ( ) π/4DtCCM BO −=  [4.19] 
Equating this expression to the total amount of gas initially in the feature (hPO/RT), and 





















t OHd  [4.20] 
where, again, D is the diffusivity of the gas in the liquid, h is the height of the feature, PO 
is the initial pressure of the gas in the feature, kH is henry’s constant for the gas in the 
liquid, w is the width of the feature, R is the ideal gas constant, T is the temperature, γ is 
the surface tension of the liquid, and θ is the contact angle of the liquid on the solid. 
 
4.5 Discussion 
Equation 4.20 defines a simple relationship between wetting time and the 
variables that define the system for diffusion limited processes.  This correlation can be 
used as a process design tool to investigate limitations in the use of liquids or fluids in the 
processing of devices with nano-scale feature sizes.  In particular, the effects of contact 
angle, surface tension, and feature size on wetting time (and thus processes such as 
surface cleaning) can be explored.   
The International Technology Roadmap for Semiconductors (SIA, 2001) predicts 
the dimensions of integrated circuit features in future years.  Wetting times for these 
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features as calculated by Equation 4.20 are plotted in Figure 4.7, where the specific 
parameters used in this calculation are T = 300 K, P0 = 1 bar, kH = 1.5x105 Pa-m3/mol, D 
= 1x10-9 m2/s, and γ = 20 mN/m, and the geometries of these features are listed in Table 
4.2.  Note that when the contact angle approaches 90° (the interfacial tension difference 
approaches zero) the wetting time increases exponentially.  Under these conditions, 
























Figure 4.7.  Wetting times of IC features specified in the 
ITRS, where (a)-(c) are DRAM trench capacitors and (d)-
(f) are global interconnects to be produced in 2002, 2005, 




Table 4.2.  Feature geometries of DRAM trench capacitors 
(DTC) and global interconnects (GI) at particular years of 
production. 
 
Feature Width (nm) Height (nm)
GI 2002 382 649
GI 2005 280 560
GI 2008 195 468
DTC 2002 156 7500
DTC 2005 96 6900
DTC 2008 54 4900  
 
The feature width-height product may be used as a primary factor to determine 
the importance of wetting as a function of feature size.  The width corresponds to the rate 
at which gas is transported, while the height corresponds to the amount of gas that must 
be transported.  Hence, the product of the width and height corresponds to the total time 
for transport. 
Interfacial tension is an important fluid property, particularly for solutions that are 
engineered by the addition of surfactants.  However, this property generally does not 
influence surface reactions or transport properties.  Interfacial tension only affects 
wetting and dewetting.  This model indicates that a simple reduction in surface tension is 
insufficient to improve wetting: instead, surfactant concentration should be selected to 






=cos  [4.21] 
so the product is simply the difference of the solid-liquid and solid-gas interfacial 
tensions, independent of the gas-liquid interfacial tension.  Therefore, although γ is 
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commonly measured when formulating process liquids, it is only the surfactant effect on 
the solid-liquid interfacial tension that influences wetting time. 
 
4.6 Feature Collapse 
An important result of the analysis of wetting/drying in liquid-phase processing is 
the quantification of the pressure that may be generated inside nanoscale features due to 
the interfacial pressure drop.  This pressure, if sufficiently high, is capable of collapsing 
the feature. When neighboring features are under different pressures, collapse will occur 
if the resulting net force is above a critical value. 
 Namatsu, (1995), et al, have modeled this effect and have defined a criterion for 
















θγσ  [4.22] 
in which σ is the resulting tensile stress, and LW is the linewidth.  Each material, however, 
has a unique critical tensile stress, above which pattern deformation occurs. 
 Feature collapse becomes more of an issue as features sizes are reduced.  Both 
Namatsu (1995) and Cao (2000), et al., have reported experimental results indicating 
conditions under which feature collapse occurs.  Cao’s results as fit to the above model 



























Figure 4.8.  Feature collapse of PHOST as a function of 
aspect ratio with aqueous processing. 
 
 
Clearly from these results if the allowable feature size for which lines are 
fabricated is to be reduced, fluids with reduced interfacial tensions must be used.  One 
solution that has been proposed by numerous authors (Goldfarb, 2000)(Namatsu, 
2000)(Namatsu, 1999)(Namatsu, 2001) is the use of supercritical fluid rinsing.  Studies 
such as these have demonstrated that by rinsing with supercritical CO2 feature collapse 
can be avoided.  While supercritical fluids characteristically have no surface tension, the 
relatively high pressures that are required to operate under these conditions can be a great 
disadvantage.  Additionally, the poor solvent ability of scCO2 for many materials will 
limit its use.  GXLs may be a superior alternative.  Figure 4.9 illustrates the effects of 
using alternate fluids for processing of high-aspect ratio features without pattern collapse.  
This plot accounts for only the effect of surface tension and does not consider contact 
angle.  GXLs can broaden the range of feature sizes that may be fabricated while the 



















Figure 4.9.  Plot of feature collapse as a function of feature 
geometry and process fluids.  The height on the ordinate is 
the maximum height of PHOST-based photoresist lines that 
can be processed without collapse.  This comparison is 
based on a contact angle of 50° and a PHOST critical stress 
of 5.5 MPa. 
 
However, the product of γ cosθ is equivalent to the difference of the solid-liquid 
and solid-vapor interfacial tension.  This quantity is more difficult to estimate than 
surface tension alone.  The impact upon feature collapse can be further understood if high 
pressure contact angle studies are performed, analogous to those in the petroleum 
industry (McCaffery, 1972) using high pressure optical cells. 
 
4.7 Dielectric Compatibility 
The previous analysis of wetting suggests that to design a process for which 
wetting is not significantly inhibited, the difference between the solid-liquid and solid-
vapor interfacial tension should be maximized.  However, an additional requirement of 
processing dielectrics is to maintain the geometry and physical properties of the 
dielectric.  SiO2 is mechanically and chemically stable, but novel dielectric materials of 
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very different nature may be more sensitive to chemical treatment.  Therefore, an 
additional requirement for a chemical process is that it must leave the properties and 
geometry of the dielectric unchanged. 
 Unfortunately, these two requirements are closely related.  A liquid will wet a 
solid if the molecular attractive forces are stronger than those of the gas and solid.  
Similarly, a liquid may solvate a solid if molecular attractive forces are great.  Therefore, 
wetting liquids tend to solvate a solid.  Solvation is a primary cause of dielectric damage.  
A liquid that does not attack the solid will likely have weak attractive forces or repulsive 
forces, but this will lead to incomplete wetting.  For instance, one study of this issure 
correlated contact angle with solubility of a polymer (Qin, 1996).  With few exceptions, 
solvents that completely wet a polymer will either dissolve or swell the polymer as well.  
Solvents that do not attack a polymer exhibit a large contact angle (>50°). 
This information is useful for designing novel cleaning processes.  There must be 
a balance between compatibility of a solvent with the solid and wettability.  Solvents that 
have absolutely no impact on the properties of a polymer will likely not wet. 
 
4.8 Conclusion 
A model has been developed to investigate how processing variables directly 
correlate to the wetting time contribution of liquid-phase processes such as cleaning. The 
direct relationship between wetting time and surface tension, contact angle, fluid density, 
viscosity, temperature, pressure, flow rate, flow profile, diffusivity, and solubility allows 
optimal process design with respect to wetting.  This numerical model is used to identify 
specific conditions under which wetting time may be significant, and therefore must be 
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considered in the design of a process.  In particular, wetting time may be important for 
features with a large height-width product, for processes in which the contact angle 
approaches 90°, and for processes in which total processing time must be small for 
adequate throughput.  
An analytical model has also been derived for conditions in which wetting is 
diffusion controlled.  From this model, a simple expression for wetting time is derived 
(Equation 4.20) and the effects of feature geometry and contact angle are developed.  
This analysis predicts how wetting will scale in future device generations.  Wetting times 
are reduced as the diameter and height of features are reduced, suggesting that it will not 
be increasingly difficult to wet nano-scale features found in integrated circuits with 
traditional liquids.  However, when the gas-solid interfacial tension is greater than or on 
the order of the liquid-solid interfacial tension (i.e. the contact angle approaches 90°), the 
wetting time is significant.  This may be particularly applicable when using aqueous 
liquids with hydrophobic films or polymer residues. 
Although weakly wetting liquids can impact total process time and uniformity, 
strongly wetting liquids will also impact yield.  More sensitive film patterns such as high 
aspect ratio photoresist lines can collapse due to capillary forces.  Wetting liquids also 
may affect the physical properties of a material, particularly the geometry and dielectric 
constant of a patterned polymer film.  Design equations such as those derived in this 
chapter can provide useful insight for the design of improved, optimized chemical 
processes for future generations of integrated circuits and other state-of-the-art 
microdevices.   
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Gas expansion is one potential method for tuning surface tension and wettability 
of liquids.  The reduced surface tension of these liquids can be particularly useful when 





TRANSPORT PROPERTIES  
 
5.1 Introduction 
 Limitations may exist in the use of liquids to process nanoscale features as needed 
in the fabrication of ICs.  For instance, viscosity, surface tension, and diffusivity of 
liquids may inhibit mass transport and surface wetting of these features.  Therefore, 
carbon dioxide has been suggested as an alternative to traditional liquids for surface 
cleaning and photoresist development (SIA, 2001).  The physical properties of liquid 
carbon dioxide include a significantly lower viscosity and surface tension, and a greater 
diffusivity than conventional liquid counterparts, which suggest the possibility of 
improving mass transport and wettability.  In addition, it is relatively benign in terms of 
flammability, toxicity, and environmental impact.  However, carbon dioxide is often a 
poor solvent in the liquid phase and is even less effective in the supercritical phase.  
Some solubility of materials such as silicones and fluorocarbons is possible, but other 
materials, especially those with polar moieties, are essentially insoluble. 
 Due to their unique range of properties, gas-expanded liquids (GXLs) may 
overcome the limitations of traditional solvents, pure CO2, and supercritical mixtures of 
these components.  The physical properties of GXLs range between those of the pure 
components, suggesting that both excellent mass transport and excellent solvent strength 
are possible.  For example, the solvent strength of GXLs is much greater than that of 
gases or supercritical fluids, while the surface tension and viscosity of GXLs is much 
lower than that of liquids.  As a result, GXLs may be tuned for both optimal performance 
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and minimal environmental impact.  In order to evaluate GXLs and other alternatives to 
traditional liquid-phase processes, the impact of physical property modification on 
processes such as dissolution and transport within nanoscale features must be understood.  
A simple, useful tool for this purpose is mass transport theory. 
 
5.2 Transport within Nanoscale Features 
 Because little to no convection occurs within nanoscale features (Olim, 1997) 
(Takahashi and Gross, 1999), transport is limited by diffusion.  The rate of diffusional 
transport is a function of both the diffusivity and solubility of the solute in the liquid. 








=  [5.1] 
where z is the distance from the feature bottom, C is the concentration of the solute, and 
D is the diffusivity of the solute in the solvent.  Using the boundary conditions that C (z = 
0, t) = CS, C (z, t = 0) = 0, and C (z → ∞, t) = 0, solution of Equation 5.1 yields 















,  [5.2] 
The total amount of dissolved species, S, as a function of time is found by integrating 





=  [5.3] 
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Therefore, the time necessary for transport to occur in one liquid (1) relative to that in 
















=  [5.4] 
Equation 5.4 is a simple relationship between transport within nanoscale features and the 
properties of the liquid.  In this case, solubility, C, and diffusivity, D, are the properties of 
interest.  These are measurable quantities and can be determined either through 
experiments, available data, or correlations. 
  
5.3 Dissolution Rate Enhancement 
 Dissolution is, in general, a complex multistep mechanism.  However, if one 
particular step occurs at a significantly lower rate than other steps, the overall dissolution 
rate will be equivalent to the rate of the limiting step.  One such rate-limiting step is the 
transport of a solute into a bulk liquid.  This is a common rate-limiting step generally 
applicable to sparingly soluble solutes.  In fact, this has been shown to be one of the rate-
limiting steps in the dissolution of novolak-based photoresist (Hunek and Cussler, 2002). 
 At steady state, the dissolution rate can be approximated using correlations for the 
mass transfer coefficient.  The mass-transfer-limited dissolution rate, DR, from a spinning 
disk is given by (Cussler, 1997) 
  6/16/12/13/262.0 −= µρϖDCDR S  [5.5] 
where CS is the solubility of the solute in the liquid, ω is the rotation rate, ρ is the density 
of the liquid, and µ is the liquid viscosity.  A spinning disk is of particular interest 
because the transport rate is uniform across the radius of the disk. 
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 Equation 5.5 allows the mass-transfer-limited dissolution rate that results from the 






















































DR  [5.6] 
In this equation C, D, µ and ρ are all measurable quantities and can be determined either 
through experiments, available data, or correlations.  
 One may be interested in comparing dissolution rates at a particular rotation rate.  
In this case, the ratio of ω in Equation 5.6 is unity.  However, because the rotation rate is 
coupled to the volumetric flow rate of liquid dispensed on a rotating disk, this 
comparison would not account for differences in the flow rates that would need to be 
delivered to the disk at a particular rotation rate.  An alternative basis for comparison of 
dissolution rates is flow rate. 
 The volumetric flow rate dispensed at the center of the disk is given by 





ρπ=  [5.7] 
where r is the radius and h is the height of the liquid at r.  In principle, the height should 
be a factor greater than the boundary layer thickness (otherwise, the flow profile will be 
perturbed and uniform dissolution will not occur).  This boundary layer thickness, hP, is 
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DR  [5.10] 
Using Equation 5.10, the dissolution rates in two liquids can be compared with account of 
the volumetric flow rate dispensed. 
 
5.4 Optimizing Properties with Gas-Expanded Liquids  
 In Chapter 3, gas-expanded liquids were defined and methods for estimating their 
physical properties were described.  The composition of the liquid can be varied from 
that of essentially pure solvent to that of essentially pure liquid carbon dioxide. Similarly, 
the physical properties (viscosity, diffusivity, density, etc.) can be modified over the 
range of the pure component properties and hence the properties of the liquid phase (e.g., 
for solubilization of residues, removal of photoresist, penetration of shallow trenches) are 
tunable (West, 2001).  To the authors’ knowledge, no studies have been reported where 
applications of GXLs in microelectronics processing have been investigated. 
While the physical properties of GXLs may lead to improvements in mass 
transport, the solvent strength of the pure liquid is sacrificed.  However, preliminary 
experiments with GXLs have indicated that the solvent properties of the pure liquid are 
largely maintained upon expansion (Chapter 8).  When improvements in transport 
properties favor a greater transport rate than the corresponding effect of a decrease in 
solubility, the use of GXLs are expected to be superior to traditional liquids.  The 
equations derived above for dissolution (Equations 5.6 and 5.10) and for transport within 
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nanoscale features (Equation 5.4) are used to predict opportunities for GXLs in the 
following discussion. 
 The solubility and diffusivity of a GXL are estimated using correlations described 
in Section 3.2.  Using these estimates, the transport time in Equation 5.4 is plotted versus 
solvent mole fraction in Figure 5.1.  For a GXL in which the solvent mole fraction is 
77%, the time is decreased by 8%.  This analysis also indicates that a GXL containing as 
much as 43% CO2 may be used without extending the transport time.  Using the simple 
transport theory described here, it is predicted that small improvements in transport 
within nanoscale features are possible in using GXLs containing up to ~40% CO2.  It is in 
this composition range that the increase in diffusivity dominates the decrease in solubility 






0 0.25 0.5 0.75 1





Figure 5.1.  Ratio of the time to transport species within a 
nanoscale feature using a GXL to that using a traditional 
liquid.  A GXL with as much as 46% CO2 will not increase 




 Substitution of the correlations described in the Section 3.2 into Equation 5.6 
yields an expression for the relative dissolution rates as a function of solvent fraction at a 
particular rotation rate.   This result is plotted in Figure 5.2, which indicates that the 
dissolution rate is enhanced for all GXLs with a solvent fraction greater than ~15% due 
to improved transport into the GXL.  Furthermore, the dissolution rate can be enhanced 
by over 1.5 times that of the pure solvent.  The dissolution rate is enhanced due to an 
increase in diffusivity and decrease in viscosity of the GXL relative to the traditional 
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Figure 5.2.  Ratio of the dissolution rate in a GXL to the 
dissolution rate in a traditional liquid at a particular rotation 
rate.   Dissolution rate enhancement occurs for all GXLs 
with a solvent fraction greater than ~15%. 
 
 
 The volumetric flowrate of a GXL containing an equivalent amount of solvent to 










=  [5.11] 
where M is the molecular weight and x is the solvent fraction in the GXL.  Substituting 






















































Substitution of the appropriate physical property ratios into Equation 5.12 yields an 
expression for the relative dissolution rates as a function of solvent fraction.   This 
function is plotted in Figure 5.3.  Comparing the dissolution rate in a GXL to that of a 
liquid in this way suggests that dissolution is enhanced as a result of gas expansion.  
Again, the dissolution rate is enhanced due to an increase in diffusivity and decrease in 
viscosity of the GXL relative to the traditional liquid, which has a greater impact on the 
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Figure 5.3.  Ratio of the dissolution rate in a GXL to the 
dissolution rate in a traditional liquid when dispensing an 





 Similarly, comparing a GXL to a traditional liquid on the basis of equivalent 




























































where n is the moles of solvent.  This ratio is plotted in Figure 5.4 and suggests that the 
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Figure 5.4.  Ratio of moles of solvent consumed, n, in a 
GXL to that in a traditional liquid for equivalent dissolution 
rates.  The amount of solvent that must be consumed is 
significantly less in a GXL than in a traditional liquid. 
 
5.5 Discussion 
 The use of mass transport theory provides an estimate of how the modification of 
liquid properties can yield increased transport rates.  Although this work has focused 
upon GXLs, the theory described can be extended to other systems such as supercritical 
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fluids.  However, these estimates are only valid for processes that are limited by mass 
transport.  Post-etch resist and residue removal may be limited by other mechanisms such 
as polymer chain disentanglement, surface reactions, and wetting.  Some of these 
mechanistic steps are independent of liquid properties.  For instance, surface reactions 
will generally depend on the concentration of reactants, and will not depend on transport 
properties such as viscosity.  The effects of physical property modification on 
mechanistic steps such as polymer disentanglement may be important, but are difficult to 
predict quantitatively.  The impact of the use of GXLs relative to that of liquids for 
film/residue removal controlled by one or more of the above mechanisms is not 
addressed in this chapter.    
 It should also be noted that the estimates of physical properties of GXLs were 
derived above for ideal mixtures.  Nonideal mixtures can lead to significantly different 
physical properties than those estimated in this study.  For example, solubility 
enhancement has been observed in some liquid mixtures (Prausnitz et al., 1999) and 
would impact estimates of dissolution and transport within nanoscale features.  More 
accurate physical property values, such as those determined experimentally, can also be 
used in the previously described models for comparing different liquids such as GXLs.  
 
5.6 Conclusion 
 In this chapter, transport within nanoscale features and the dissolution rate from a 
rotating substrate are quantified as functions of physical properties of a liquid using mass 
transport theory.  These transport models are used to estimate the possible advantages of 
 57
gas-expanded liquids (GXLs), which combine improved physical properties over 
traditional liquids with the environmental advantages associated with CO2-based fluids. 
 This analysis suggests that transport within nanoscale features is aided due to the 
increased diffusivity in GXLs. Therefore, GXLs may be a useful alternative to traditional 
liquids in microelectronic processes that are limited by transport within nanoscale 
features. 
  The improved transport properties of GXLs relative to traditional liquids also 
lead to increased dissolution rates when compared on the basis of both rotation rate and 
solvent consumption. In addition, less solvent must be consumed when using a GXL 
relative to a traditional liquid for equivalent flow rates.  Therefore, tremendous 
environmental improvements may be realized without sacrificing performance in 
photoresist and residue removal processes. 
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CHAPTER 6 
IN SITU MONITORING OF FILM REFRACTIVE INDEX AND THICKNESS  
 
6.1 Introduction 
Real-time optical monitors of film thickness are used in a wide range of 
applications.  For example, film thickness changes are monitored routinely in such 
processes as photoresist development and endpoint detection during dielectric etching.  
Multiwavelength interferometry (MWI) is a cost-effective, optical technique used to 
determine film thickness based on known, constant values of the film refractive index 
(Henderson, 1998; Pham, 2002).  However, many processes that lead to a thickness 
change also lead to a corresponding change in the optical properties.  In these processes, 
inaccurate film thickness measurements are obtained if the dynamic optical properties are 
not considered.  Such concerns can be overcome by the use of real-time spectroscopic 
ellipsometry (Sirard, 2000; Burns, 2003), but in closed systems, window birefringence 
has been reported to lead to significant measurement errors.  Furthermore, ellipsometry 
systems are typically more costly than MWI. 
Conventional MWI techniques calculate film thickness from the effective 
frequency of the interference spectrum.  Extending the interference analysis to include 
the amplitude of the interference spectrum allows the film refractive index to be 
calculated, since the amplitude is independent of film thickness (Tompkins, 1999).  Use 
of the interference amplitude has analogously been suggested for monitoring thin film 
growth directly on an optical fiber (Johnson, 2001).  This chapter details the application 
of this technique. 
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6.2 Experimental Setup 
The equipment components needed to assemble a reflectance monitor have been 
described previously (Agrawal and Henderson, 2003).  The optical components are 
available from Ocean Optics (Dunedin, FL); these consist of a tungsten filament light 
source (LS-1), a fiber optic probe (R200) and spectrometer (USB2000).  The optical 
fibers connecting the light source and spectrometer are coaxial in the probe, which is 
positioned with optical aligners (Newport).  Ocean Optics software has been used to 
acquire interference spectra.  The greatest intensity of this light source occurs from 500 to 
750 nm; therefore, this wavelength range is used in the following analyses. 
Figure 6.1 is a schematic diagram of the interferometer system.  A ¾-inch 
stainless steel union cross (Swagelok) is used as the main chamber.  Two ports of the 
cross are used as the inlet and outlet for a process liquid, gas or fluid.  One port supports 
a thermocouple while the fourth is equipped with a sapphire window (Esco Products).  A 
stainless steel sample holder has been machined to hold a thin film sample within the 















The system described in Chapter 3 is used to deliver process fluids at elevated 
pressures into the analysis cross.  To enable precise control of the vapor composition to 
which a film sample is exposed, a custom vapor delivery system was designed and 
assembled.  This system is pictured in Figure 6.2.   Nitrogen serves as a purge gas, a 
solvent carrier gas, and a diluent.  Flow rates are controlled by mass flow controllers, thus 
allowing the composition of the vapor phase delivered to the cross to be changed.  The 
carrier stream flows through a liquid-gas contacting column, which is packed with glass 
Raschig rings to enhance mixing.  The flow rate range and column design are designed to 
ensure that the carrier stream leaving the column is saturated with the vapor of interest. 
Using design equations for gas-liquid contactors (Perry, 1998), the height of a column 
necessary to approach 95% saturation of the carrier gas with solvent was determined.  
Given the fraction of ethanol in nitrogen at standard conditions is 0.07 (from Raoult’s 
Law), the number of transfer units is 0.09.  The height of a transfer unit is approximately 




















Figure 6.2.  A gas-liquid contactor is used to modify the 
composition of ethanol vapor exposed to a thin film sample 
for film thickness measurements with MWI. 
 
A schematic of the light path is shown in Figure 6.3.  The source is aligned 
normal to the thin film sample, and the resulting reflectance is affected by each medium 
through which it passes.  These include the ambient air (0), the sapphire window (1), the 
process fluid (2), the thin film (3), and the substrate (4).  Reflection and transmission 
occur at each individual interface and the sum of each reflection is detected by the 
spectrometer. 







Figure 6.3.  A schematic diagram of the path of normally 




6.3 Reflectance Theory 
The resulting reflectance from a multilayered structure such as that in Figure 6.3 
has been mathematically defined (Heavens, 1991) in matrix form.  The intensity is a 
function of the optical properties and thickness of each medium.  These parameters are 
known for air, the sapphire window and the silicon substrate.  Therefore, the optical 
properties of the fluid and of the film, as well as the film thickness can be calculated by 
fitting the measured reflectance to the function containing the unknown parameters of 
interest. 
With this system, a few simplifications can be invoked.  The light source used is 
incoherent; interference will therefore occur only when the thickness of the medium is 
less than the coherence length of the light (Rancourt, 1996).  The coherence length, ∆l, is 







l  [6.1] 
where ∆λ is the resolution of the spectrometer.  The resolution of the spectrometer is 1.3 
nm, and at a wavelength 589 nm, the coherence length is 0.27 mm.  Therefore, only 
interference from the thin film is detected; sinusoidal interference terms within the model 
can be neglected. 
A fitting parameter is added to each translation of the light through the window 
and through the fluid, respectively ΛW and ΛF.  It is well known that penumbral loss of 
intensity occurs as incoherent light propagates through a medium.  Loss also occurs due 
to scattering from nonplanarities at interfaces.  The fitting parameters are physically 
related to these phenomena. 
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A three parameter Cauchy model is used to describe the dependence of optical 
properties on wavelength for materials with known optical parameters.  From calculations 
of the optical properties of unknown films and fluids, a two parameter Cauchy model was 
found to be adequate for these analyses, since only marginal improvement of fitting the 
refractive index dispersion was achieved in adding a third Cauchy term.  All materials but 
silicon are nonabsorbing in the wavelength range of interest. 
The resulting characteristic equations for this system are: 





































πδ =  [6.5] 
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=  [6.8] 
where ni is the refractive index of medium i, k4 is the extinction coefficient of the silicon 
substrate, ri and h4 are the real and imaginary Fresnel reflection coefficients, respectively, 
for interface i, δ3 is the optical path length in the film, λ is the wavelength, and ρi is the 
amplitude of the net reflectance from interface i. 
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The intensity of the reflectance detected by the interferometer referenced to a 

















=ρ .   [6.9] 
For our experiments, the unknown parameters of interest can be calculated using 
software such as MS Excel solver to fit reflectance data to these models. 
 
6.4 Refractive Indices of Gases and Liquids 
For film monitoring in fluids other than air, the optical properties of the fluid must 
be known.  Using the model described above for films, the optical properties of fluids can 
be independently measured.  In this case, only reflectance from the air-window and 
window-fluid interfaces is needed.  For these measurements, the sample holder is 
removed and the chamber filled with the fluid of interest.  Of particular interest is the 
ability to measure high pressure fluids such as supercritical fluids, liquid carbon dioxide 
(L-CO2) and mixtures of gases with liquids, such as GXLs. 
The average reflectance of several spectra obtained when the chamber is filled 
with de-ionized water (DIW) was used to calculate the loss term of the window, ΛW, but 
it was found to be equal to 1, and thus negligible.  From measurements of ρ12/ρ12(b) vs. 
λ, the refractive index of the fluid as a function of λ can be determined.  Results of the 
use of this technique to measure refractive indices of common solvents are shown in 
Table 6.1.  Reported values for these liquids are also tabulated.   
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Table 6.1.  Measured and reported (DIPPR, 2002) 
refractive indices (at 589 nm). 
 
Solvent Measured RI 95% Conf. Int. Reported RI 
Methanol 1.335 ± 0.004 1.327 
Ethanol 1.361 ± 0.007 1.359 
NMP 1.445 ± 0.004 1.469 
L-CO2 1.174 ± 0.042 1.180 
 
This technique can also be used to measure optical properties of high pressure 
fluids.  Table 6.1 contains the refractive index measurement of liquid CO2, and Figure 6.4 
plots the refractive index of CO2 as a function of pressure.  Also, the refractive index of a 
mixture can be calculated from pure component properties using the Lorentz-Lorenz 
















where Ri is the molar reflectance, MWi is the molecular weight, and ρi is the density, all 
of component i, and nmix is the refractive index of the GXL.  An example of this 
measurement is shown in Table 6.2.  Unfortunately, complementary techniques for 

























Figure 6.4.  Refractive index of CO2 vs pressure. 
 
Table 6.2.  Refractive index of CO2-expanded ethanol, 
experimental and predicted results. 
 
Pressure Temperature Density CO2 fraction RI @ 589nm Predicted RI
5000 kPa 22.8 °C 839.1 kg/m3 0.76 mol 1.234 1.240 
 
6.5 Refractive Index and Thickness of Thin Films 
The measurement of film thickness and optical properties using this approach has 
been compared to results obtained using spectroscopic ellipsometry (V-VASE®, J.A. 
Woollam Co., Inc.).  For this measurement, a polyhydroxystyrene (PHOST) film was 
spincast from a solution of 20wt% PHOST (MW=10,700, PDI=1.58) in PGMEA and 
subsequently baked on a hotplate at 120ºC for 5 minutes.  Additional experiments were 
also performed with a commercially prepared JSR photoresist film (PFRIX4204) that had 
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been baked at 120ºC for 1 minute.  The PHOST film is useful for fundamental studies in 
that the composition of the film is well known.  The JSR resist, however, is more 
characteristic of those used in commercial processes.  Resulting measurements of these 
films are shown in Table 6.3 and 6.4.  Raw interferometry data and the model fit to this 
data is represented in Figure 6.5.  The two techniques yield comparable results. 
 
Table 6.3.  Comparison of PHOST film thickness and RI 
determined by ellipsometry and by the current approach. 
 
Measurement Thickness (µm) Conf. Int 95% RI @589nm Conf. Int 95%
Ellipsometer 2.415 0.020 1.639 0.021 
Interferometer 2.410 0.180 1.619 0.131 
 
Table 6.4.  Comparison of JSR resist thickness and RI 
determined by ellipsometry and by the current approach. 
 
Measurement Thickness (µm) Conf. Int 95% RI @589nm Conf. Int 95%
Ellipsometer 1.413 0.005 1.644 0.008 























Figure 6.5.  The reflectance model fit to reflectance data of 




This MWI approach is well suited to analyze thickness and refractive index 
changes of a polymer film in situ.  First, a film is placed directly in a chamber having 
been previously filled with ethanol, exposing the film to concentrated ethanol vapor.  The 
resulting measured values for thickness and refractive index as a function of exposure 
time are plotted in Figure 6.6.  For comparison, the film thickness, calculated with a 
constant refractive index of the film, is also displayed.  Obviously, the assumption of 
constant refractive index results in a large underestimate of the extent of polymer 




































Figure 6.6.  Refractive index and thickness change of 
PHOST films exposed to ethanol vapor. 
 
 
PHOST was also exposed to dilute ethanol vapor.  This was performed in the 
vapor cell previously described; the results are plotted in Figure 6.7.  The thickness and 
refractive index of the film before and after exposure is shown in Table 6.5, as is the 























PHOST in EtOH Vapor
 
Figure 6.7.  Relative reflectance from a PHOST film before 
and after exposure to dilute ethanol vapor. 
 
 
Table 6.5.  Comparison of PHOST film thickness and RI 
determined by ellipsometry, by interferometry, and 
following exposure to dilute ethanol vapor. 
 
Measurement Treatment RI @589nm Thickness (µm) 
Ellipsometer None 1.673 ± .005 1.053 ± .001 
Interferometer None 1.697 1.053 
Interferometer Dilute EtOH Vapor 1.478 1.091 
 
MWI was also applied to the dissolution of a photoresist film in a liquid.  Figure 
6.7 shows the results of the JSR resist dissolution in 0.13 N tetramethylammonium 
hydroxide (TMAH) in water.  In this case, little variation of the film refractive index 
occurs; thus, the resulting thickness does not vary significantly by assuming that the JSR 









































Figure 6.7.  Refractive index and thickness change of a 
commercial JSR resist in a 0.13N TMAH aqueous solution. 
 
 
Finally, the response of the JSR photoresist in CO2 at pressures up to 5.0 MPa and 
at room temperature (22º C) was monitored; results are plotted in Figure 6.8.  This 
measurement indicates the film is slightly compressed; the refractive index increases and 


































Figure 6.8.   Compression of a commercial JSR photoresist 
in high pressure CO2. 
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6.6 Discussion  
MWI yields film thickness and refractive index results comparable to 
spectroscopic ellipsometry.  Measurements of gas and liquid refractive indices are 
comparable to reported reference values.  However, the confidence intervals of the values 
for thickness and refractive index reported are large relative to conventional optical 
techniques. 
One source of error is the alignment of the interferometer probe.  This 
measurement, as is usually the case in optical measurements, is sensitive to angular 
alignment.  We have aligned the probe by maximizing the intensity of the reflectance.  
Even a small deviation from normal incidence results in almost entire loss of signal 
intensity.  It is feasible that commercial development of this technique can allow more 
precise and accurate alignment and thus measurements. 
Some fluctuation of the spectrometer signal with time has been observed; this is 
primarily attributed to the variation of the power output from the laboratory wall outlets.  
Using a multimeter to monitor changes in the voltage of both the AC wall outlet and the 
DC converter output, a variation of approximately 1% occurs in both cases, having a 
period of approximately 25 minutes.  Since the intensity of the light source varies with 
the power supply, as does the sensitivity of the CCD within the spectrometer, this has 
been determined to be a primary factor in the observed variation.  A regulated power 
supply has been added to this system to minimize this variability, and the software has 
been modified to correct for this variation be neglecting the signal from the first 23 
elements of the detector.  Prior to these modifications, the confidence intervals of film 
measurements were much greater. 
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Deviations from reported values of organic solvents may also correspond to 
moisture absorption, resulting in the observed lower refractive indices.  Using Karl Fisher 
titration, the concentration of water in NMP, for example, was found to be 0.4%.  
However, using the mixing rule of Chapter 3 (Eq. 3.7), this would lead to a negligible 
refractive index change of only 0.001. 
 
6.7 Conclusion 
A real-time interferometric approach has been developed to monitor both film 
thickness and refractive index.  Furthermore, these measurements can be performed using 
relatively inexpensive, commercially available system components.  In addition, 
refractive indices of pure liquids and liquid mixtures can be measured, including elevated 
pressure fluids.  Film thickness and refractive index measurements of polymer thin films 
are consistent with measurements obtained by spectroscopic ellipsometry.  In addition, 




PHOTORESIST REMOVAL USING CO2-EXPANDED LIQUIDS 
 
7.1 Introduction 
 Photoresist removal is one of the most critical and most repeated cleaning 
processes in the fabrication of an integrated circuit (IC).  A state-of-the-art IC consists of 
over 25 masking steps (ITRS, 2001), each utilizing a photoresist for pattern generation, 
and each requiring a subsequent photoresist removal process.  Photoresist exposed to 
processes such as ion implantation and plasma reactive ion etching becomes a heavily 
carbonized, hardened polymeric residue that can be particularly difficult to remove. 
Current commercial formulations have proven to be ineffective in fully removing 
these residues (Louis, 2001).  These formulations primarily consist of conventional 
organic solvents, water, surfactants, and reactive components such as amines.  Carbon 
dioxide has been suggested as an alternative to traditional liquids for surface cleaning and 
photoresist development (SIA, 2001).  Carbon dioxide is relatively benign in terms of 
flammability, toxicity, and environmental impact.  In addition, its physical properties 
include a significantly lower viscosity and surface tension, and a greater diffusivity than 
liquid counterparts, which suggest the possibility of improving mass transport and 
wettability.  However, carbon dioxide is often a poor solvent in the liquid phase and is 
even less effective in the supercritical phase.  Due to their unique range of properties, 
gas-expanded liquids (GXLs) may overcome the limitations of traditional solvents, pure 
CO2, and supercritical mixtures of these components.  The application of these GXLs has, 
therefore, been experimentally investigated. 
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7.2 Experimental Equipment Setup 
Several systems have been assembled for use in evaluating the efficiency of 
GXLs for photoresist removal.  The ability to process entire wafers is valuable in 
evaluating fluids such as GXLs under elevated temperatures and pressures.  For these 
applications, a system has been designed and built for treatment of 8-inch diameter 
wafers.  Diagrams of the complete system and the main pressure vessel are shown in 















Figure 7.2.  A schematic diagram of the center-fed flow 
reactor in which samples are rotated on an 8-inch platen. 
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The main vessel is capable of holding pressures up to 2000 psi and may be heated 
to 350 ºC.  A rotating platen is machined to hold 8-inch wafers, while a modified platen 
has been machined to hold smaller samples.  The seal is made with a PTFE gasket and 12 
compression bolts in the vessel head. 
The vessel is pressurized by means of multiple syringe pumps, specifically Isco 
model 1000D.   These pumps are capable of delivering fluid at a rate of 408 mL/min, and 
at pressures up to 2000 psi.  An air valve assembly is used to connect multiple pumps and 
is controlled through a single Isco controller.  The vessel effluent is exhausted to a large 
expansion vessel where most liquid additives are separated from the CO2 phase. 
A similar system was also designed and assembled for treatment of 4-inch wafers. 
This system was modified from the 8-inch system by reducing the volume of the main 
pressure vessel.  The 4-inch vessel head is nearly flat to reduce the total internal volume 
of the head.  This allows a faster fluid charging rate and reduced consumption of 
chemicals.  This system has also been equipped with a view cell connected in parallel to 
the high-pressure vessel for monitoring of the phase boundary location in relation to the 
sample wafer.  This system is pictured in Figure 7.3.  The ability to process full wafers 
permits relating bench top results to industrial-scale processes.  Also, this system is well 
suited for 4-inch wafers that can be processed in the Microelectronics Research Center 




Figure 7.3.  Picture of the complete high pressure system 
used to investigate GXL treatment of films. 
 
A small steel cross capable of 3500 psi operation allows samples approximately 1 
cm on a side to be studied.  One arm of this cross is equipped with a sapphire window.  
This allows direct observation of the phase, phase boundary of fluids within the reactor 
and of dissolution of a film sample.  In addition, the window is equipped with a 
spectrometer.  A technique for measuring the refractive indices of GXLs has been 
developed with this spectrometer for measuring fluid composition.   The thickness and 
refractive index of a dissolving film (Chapter 6) can also be monitored in situ.  The high-












Figure 7.4.  A schematic diagram of the dissolution rate 
monitor for dissolution under elevated pressures. 
 
7.3 Experimental Procedure 
One of the most common polymers used in state-of-the-art photoresist is poly-
hydroxystyrene (PHOST), a replacement to novolak-based polymers due its reduced 
absorption of DUV radiation.  Thin films were formed by casting a PHOST solution 
(15wt% by mass in PGMEA, MW=12000, PDI=6.4) at 800 RPM upon a silicon wafer, 
which previously had the native oxide layer removed by immersion in dilute HF.  The 
film was subsequently baked on a hotplate at 120°C for 5 minutes.  Optical constants and 
thickness of the film were determined using a variable angle spectroscopic ellipsometer 
(J.Woollam, Lincoln, NE).  These quantities are: t=1818nm, A=1.5832, B=0.00812, 
C=2.885E-4, where the refractive index is given by A+B/λ2+C/λ4 and λ is the 
wavelength (µm).  The wafer was then diced into pieces approximately 0.5 cm2 such that 
they could be placed upon a sample holder and into a reaction chamber. 
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CO2 was purchased from Air Products (Coleman grade, 99.5%).  The vapor 
pressure of CO2 is 6 MPa at room temperature (~22°C).  All experiments were performed 
at room temperature, while the reaction chamber temperature was monitored with a 
thermocouple directly inserted into the reaction chamber.  For operating pressures other 
than those of the CO2 cylinder, an ISCO 1000 D syringe pump was used to both attain 
and maintain the pressure setpoint. 
Films were subsequently treated in the high-pressure reactors with CO2-expanded 
liquids.  Samples were mounted on a customized sample holder and loaded into the 
chamber.  The system was then pressurized with pure CO2.  In parallel, GXLs were 
formulated as described in Chapter 3. 
The films were monitored both prior to and during liquid immersion by 
interferometry (Chapter 6).  The samples were then removed from the chamber and 
analyzed by XPS and SEM. 
7.4 Organic Residue Removal from Silicon 
At the industrial level, cleaning processes are most accurately evaluated by 
treating a device wafer and comparing its yield to a wafer treated in other ways.  The 
process with the best yield is then selected.  However, to evaluate cleaning formulations 
without the fabrication of a complete functioning device, SEM is frequently used to 
observe residues before and after a cleaning process.  Unfortunately, no chemical 
information about the residues is obtained. 
In order to best develop processes for cleaning of post-etch structures, residues 
must be characterized.  Only if the level of cleanliness resulting from a cleaning process 
can be quantified can an effective cleaning process be established. 
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XPS is a primary tool used to determine atomic composition and bonding 
structure of solid surfaces (Woodruff, 1999).  In this technique, an x-ray source is used to 
irradiate a sample, causing the photoemission of core electrons.  The binding energy of 
these emitted electrons is representative of the chemical species and bonds present in the 
sample, while the intensity relates to the atomic concentration.  Although incident x-rays 
have a mean free path of about 10 microns, photoelectrons created only have a mean free 
path on the order of 1-10 nm, resulting in excellent depth resolution.   
XPS has been primarily used to analyze organic residue on silicon substrates 
following treatment with GXLs.  The ability of a process to remove photoresist can be 
evaluated by measuring the atomic composition of the surface.  A clean silicon wafer is 
sufficiently conductive that no surface charging will occur.  However, silicon exposed to 
ambient air will oxidize and will adsorb adventitious carbon. 
Photoresist-coated silicon wafers will yield a significantly different XPS 
spectrum, in that the underlying silicon is not detectable if organic material of thickness 
greater than 10 nm is present.  Furthermore, the nonconductive nature of the polymeric 
residue will cause surface charging, which is apparent in the form of a shift in the binding 
energy of observed peaks.  Therefore, both the atomic concentration of silicon and the 
binding energy shift of the C1s peak serve as quantitative indicators of the amount of 
organic residue remaining on a surface. 
 
7.5 Results and Discussion 
PHOST samples were treated with CO2-expanded ethanol.  Ethanol is a 
commonly used solvent in the microelectronics industry and is an excellent solvent for 
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complete dissolution of these PHOST films.  Liquid CO2, however, does not dissolve 
these films. 
Single wavelength interferometry (Figure 7.5) indicates that the film begins to 
swell significantly upon exposure to ethanol/CO2 vapor.  This is further quantified with 
multiwavelength interferometry, which indicates that the film swells in thickness by a 
factor of 4 (Figure 7.6) in ethanol vapor.  After exposure to the liquid (at t = 24000 ms), 
no interference is detectable.  This observation can be attributed either to complete 
removal of the films or to film cracking, which leads to significant scattering of the light.  
SEM and XPS were used to determine which of these possibilities is occurring in a 
particular sample.  Even when GXLs incompletely remove PHOST films, partial 
dissolution yields an extremely rough, nonuniform residue (similar to Figure 7.11).  
Scattering from this surface prevents an interferogram from being acquired; thus, real 
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Figure 7.5.  Single wavelength interference spectrum for 
PHOST exposed to CO2-expanded ethanol at 5 MPa.  The 
liquid contacts the sample at t = 22 sec, at which time the 
intensity drops significantly due to interference with the 
meniscus.  Swelling occurs prior to liquid exposure, 
characterized by the oscillation of the intensity.  No film is 

























Figure 7.6.  Swelling of PHOST upon exposure to ethanol 
vapor. 
 
XPS results are shown in Figure 7.7 and 7.8.  For films in which large amounts of 
residual polymer remain on the substrate, no silicon is detectable and significant charging 
of the surface occurs.  Silicon is clearly detected on samples with little residue and no 
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Figure 7.7.  Surface concentration following treatment of 
PHOST films with GXLs of different composition.  
Ethanol yields a surface with 20% silicon.  The same 
results are obtained with GXLs containing as little as 25% 
ethanol.  GXLs with less ethanol do not remove the 
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Figure 7.8.  C1s binding energy following treatment with 
GXLs of PHOST films.  Ethanol yields a surface with C1s 
of 284 eV.  The same results are obtained with GXLs 
containing as little as 25% ethanol.  GXLs with less ethanol 
do not completely remove organic material, resulting in a 
binding energy shift. 
 
SEM was used to estimate qualitatively the amount of residue remaining on the 
substrate (Figure 7.9).  These images correspond well to XPS results, in that no residue is 
visible on samples in which silicon is detected.  However, these images also show the 
nonuniformities that can result from these processes.  The observed cracking and peeling 
of the polymer likely results from stress developed in the film due to swelling, although 
the solubility is likely too poor for complete dissolution of the film.  There may be local 
regions in which ethanol is concentrated and selectively removes the polymer, possibly 






Figure 7.9.  The SEM image of PHOST following 
treatment with CO2-expanded ethanol at 5.5 MPa and 21ºC 
indicates large amounts of residual polymer on the silicon 
substrate. 
 
These results indicate that the amount of residual polymer remaining corresponds 
well with the concentration of ethanol in the liquid, as expected.  For low concentrations 
of ethanol, little of the polymer is removed, but with up to approximately 75% CO2 in the 
GXL the solvent ability of the pure ethanol is maintained.  This demonstrates that a 
solvent such as ethanol may be significantly modified (up to 75%) through expansion 
with CO2 while maintaining the solvent ability of the pure liquid. 
These PHOST films were also treated with CO2-expanded NMP.  Similar 
behavior to ethanol is observed, in which mixtures too rich in CO2 do not remove 
PHOST.  Mixtures up to 5 MPa, or correspondingly 70% CO2 remove the film.  This is 
quantified with XPS (Figure 7.10), but can be seen visually as well (Figure 7.11). 
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Figure 7.10.  Surface concentration following treatment of 
PHOST films with CO2-expanded NMP of different 
composition.  
 
       
Figure 7.11.  Visual inspection following treatment of 
PHOST films with CO2-expanded NMP of different 
composition.  From left to right, these samples were treated 
with GXLs of 15mol%, 20mol%, and 25mol% NMP. 
 
Patterned samples prepared by SEMATECH were also treated with GXLs.  These 
samples are dielectric stacks etched in a fluorocarbon plasma; thus photoresist and post-
etch residues remain on the surface and within the patterned features.  Additional details 
of these samples are described elsewhere (Levitin, 2003).  XPS results are shown in 
Table 7.1, in which CO2-expanded NMP is compared to pure NMP treatment.  Although 
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Table 7.1.  XPS results of treating patterned samples with 
CO2-expanded NMP. 
 
Treatment Si% C% O% N% F% S% 
GXL 5.75 MPa 1.4 70.6 17.7 4.7 5.5 0.0 
GXL 5.50 MPa 3.4 69.3 16.8 2.9 7.5 0.0 
GXL 5.25 MPa 1.7 75.7 16.4 3.2 2.8 0.0 
NMP 2.1 73.0 17.0 3.5 4.4 0.0 
Untreated 0.0 65.2 24.2 6.1 3.6 0.8 
 
 
Interferometry of PHOST films during exposure to ethanol and CO2 suggest 
ethanol is the dominant specie responsible for dissolution.  Although dissolution of 
PHOST films in aqueous base is reaction-limited and observed to occur through removal 
of surface layers, dissolution in ethanol proceeds by sorption into the film and swelling of 
the polymer.  Dilute ethanol vapor swells the polymer, but not sufficiently to remove it.  
CO2-expanded ethanol similarly swells the polymer, but for low concentrations of ethanol 
(<25mol%) polymer swelling is insufficient for complete removal.  Partial, nonuniform 
removal may relate to the mobility and dissolution of small molecular weight chains, and 
rearrangement of chains in a nonplanar order. 
Similar studies to these performed with PHOST films were analogously 
performed with commercially prepared resists from JSR Micro (IXR420H).  These films 
were spin cast and baked at 120°C for 1 minute.  Quite different results were obtained 
with these films than with the PHOST films.  GXLs at pressures up to 5750 kPa fully 
removed the resist, even at exposure times as little as 1 min, suggesting the film lifts off.  
XPS results of these experiments are shown in Table 7.2. 
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Table 7.2  XPS results of treating JSR resist with CO2-
expanded NMP. 
 
Treatment Si% C% O% C1s BE 
NMP, 5 min 48.5 15.4 36.1 284.7 
GXL 5.75 MPa, 4 min 50.9 15.5 33.6 284.8 
GXL 5.75 MPa, 2 min 50.6 15.0 34.4 284.8 
GXL 5.75 MPa, 1 min 49.2 12.6 38.2 284.8 
 
Swelling experiments in ethanol vapor were also performed.  The observed 
swelling in dilute ethanol is similar to that observed in PHOST films.   The film responds 
to changes in ethanol concentration through an increase in thickness and a decrease in 
refractive index.  
  
7.6 Scale-Up of GXL Processes 
The theoretical investigation described in Chapters 3, 4, and 5 and the 
experimental results detailed in this chapter suggest significant opportunities for GXLs in 
photoresist and etch residue removal.  Successful experimental and commercial solvent 
formulations must be investigated in a prototype production high pressure reactor to 
assess uniformity and time necessary for photoresist and residue removal.  These results 
can be compared to preliminary, fundamental results to gain insight into scale-up issues 
in manufacturing; these issues will encompass both throughput considerations for cost-of-
ownership evaluations and will indicate limitations in the current design of commercial 
reactors. 
Although it may be possible to reduce the total amount of solvent consumed in a 
photoresist removal process by reducing the amount of solvent per volume of liquid, it 
may oppositely be possible that more solvent is consumed if more liquid of reduced 
 87
solvent strength must be used.  For a mass transfer limited dissolution process, it has been 
predicted that less solvent need be consumed by using a GXL (Chapter 5).  However, if 
alternative mechanisms to mass transfer dominate residue removal (as suggested by MWI 
results in Chapter 6), this model is invalid. 
In the viewcell reactor, we can experimentally measure the time to remove the 
film using a traditional liquid and compare this time to that required when using a GXL 
containing an equivalent amount of solvent.  If the removal time is less with a GXL, this 
suggests that indeed less solvent must be consumed.  However, the volume of the reactor, 
and thus the height of liquid on the sample, may be an important factor.  It was 
previously mentioned that the distance into which the dissolving species penetrates into 
the liquid is a function of liquid properties.  As a result, the optimal liquid height and 
corresponding reactor volume may be different for different liquids.  Therefore, 
comparing different liquids in the same reactor may not represent a completely valid 
comparison.  The same issue applies to our 4-inch center-fed reactor, although rather than 
using in situ optical techniques to measure the removal time, ellipsometry and XPS can 
be used to evaluate the thickness of remaining film after treatment.  This information can 
allow evaluation of possible cost savings due to a reduction in chemical usage, which will 
lower the operating cost of these GXL processes.  
 
7.7 Conclusion 
Conceptual demonstration of the use of CO2-expanded solvents for photoresist 
and post-etch residue removal has been performed.  Of specific interest are the effects of 
carbon dioxide, saturated vapor, and gas-expanded liquids upon films such as 
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polyhydroxystyrene (PHOST).  These experiments illustrate the tunability of GXLs 
through the removal of PHOST-based films using CO2-expanded solvents.  CO2-
expanded ethanol and NMP containing up to approximately 75mol% of CO2 maintains 
the removal ability/solvent strength of pure solvent. These fluids can therefore be 
modified to obtain optimal physical properties and optimal ES&H properties. 
XPS and MWI results suggest removal of PHOST-based films occur by means of 
incorporation of ethanol into the polymer phase.  If polymer chains are free to move, the 
film swells; if sufficient swelling occurs, polymer chains release from the surface.  
However, if polymer chain mobility is minimal, removal of the film may occur due to 






The extension of conventional liquid-phase cleaning processes used in the 
fabrication of state-of-the-art integrated circuits is questionable for geometries in the sub-
100 nm range.  Therefore, predictive physical models have been formulated to evaluate 
process merits such as wetting, dissolution rate, and solvent consumption. Gas-expanded 
liquids (GXLs) appear to be an especially useful class of fluids for photoresist and 
residue removal.  The properties of these liquids can be varied significantly with 
pressure, allowing for enhancement of dissolution rates and wetting while reducing the 
amount of solvent consumed.    
A model has been developed to investigate how processing variables directly 
correlate to the wetting time contribution of liquid-phase processes. The direct 
relationship between wetting time and surface tension, contact angle, fluid density, 
viscosity, temperature, pressure, flow rate, flow profile, diffusivity, and solubility allows 
optimal process design with respect to wetting.  This numerical model is used to identify 
specific conditions under which wetting time may be significant, and therefore must be 
considered in the design of a cleaning or surface preparation process.  In particular, 
wetting time may be important for features with a large height-width product, for 
processes in which the contact angle approaches 90°, and for processes in which total 
processing time must be small for adequate throughput.  
An analytical model has also been derived for conditions in which wetting is 
diffusion controlled.  From this model, a simple expression for wetting time is derived 
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and the effects of feature geometry and contact angle are investigated.  This analysis 
predicts how wetting will scale in future device generations.  Wetting times are reduced 
as the diameter and height of features is reduced, suggesting that it will not be 
increasingly difficult to wet nanoscale features found in integrated circuits with 
traditional liquids.  However, when the gas-solid interfacial tension is greater than or on 
the order of the liquid-solid interfacial tension (i.e. the contact angle approaches 90°), the 
wetting time is significant.  This may be particularly applicable when using aqueous 
liquids with hydrophobic films or polymer residues. 
Although weakly wetting liquids can impact total process time and uniformity, 
strongly wetting liquids will also impact yield.  More sensitive film patterns such as high 
aspect ratio photoresist lines can collapse due to capillary forces.  Wetting liquids also 
may affect the physical properties of a material, particularly the geometry and dielectric 
constant of a patterned polymer film.  Therefore, design equations such as those derived 
can provide useful insight for the design of improved, optimized chemical processes for 
future generations of integrated circuits and other state-of-the-art microdevices.  The 
tunability of GXLs with respect to reduced surface tension and improved transport 
properties may prove useful for overcoming these issues. 
Physical models have also been assembled to describe dissolution in terms of 
fluid properties. The effects of viscosity, density, surface tension, contact angle, 
diffusivity, and other properties can therefore be quantified.  In this work, transport 
within nanoscale features and the dissolution rate from a rotating substrate are quantified 
as functions of physical properties of a liquid using transport theory.  These transport 
models are used to evaluate the possible advantages of GXLs, which combine improved 
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physical properties over traditional liquids with the environmental advantages associated 
with CO2-based fluids.  This analysis suggests that transport within nanoscale features is 
aided due to the increased diffusivity in GXLs. Therefore, GXLs may be a useful 
alternative to traditional liquids in microelectronic processes that are limited by transport 
within nanoscale features. 
  The improved transport properties of GXLs relative to traditional liquids also 
lead to increased dissolution rates when compared on the basis of both rotation rate and 
solvent consumption. In addition, less solvent must be consumed when using a GXL 
relative to a traditional liquid for equivalent flow rates.  Therefore, tremendous 
environmental improvements may be realized without sacrificing performance in 
photoresist and residue removal processes. 
Interferometry has been developed as an analytical tool well suited for in situ 
analysis of film removal with GXLs.  A real-time interferometric approach has been 
developed to monitor both film thickness and refractive index.  Furthermore, these 
measurements can be performed using relatively inexpensive, commercially available 
system components.  In addition, refractive indices of pure liquids and liquid mixtures 
can be measured, including elevated pressure fluids.  Film thickness and refractive index 
measurements of polymer thin films are consistent with measurements obtained by 
spectroscopic ellipsometry.  These film properties can also be measured dynamically, and 
thus can be applied to dissolution and swelling. 
Experiments have been performed that illustrate the tunability of GXLs through 
the removal of PHOST films using CO2-expanded ethanol and NMP. Conceptual 
demonstration of the use of CO2-expanded solvents for photoresist and post-etch residue 
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removal has been performed.  Of specific interest were the effects of carbon dioxide, 
saturated vapor, and gas-expanded liquids on the property changes of films such as 
polyhydroxystyrene (PHOST).  CO2-expanded ethanol and NMP containing up to 
75mol% of CO2 maintain the removal ability of the pure solvents. These fluids can 
therefore be modified to obtain optimal physical properties and improved ES&H 
properties.  GXLs are able to remove PHOST-based films from silicon substrates through 






9.1  Mechanistic Studies of Polymer Removal in CO2 
In addition to mass transport, other mechanistic steps that may be important to 
complete photoresist film removal include disentanglement of polymer chains, formation 
of a solvent rich gel phase at the interface of a dissolving film, and reaction of solvent 
with insoluble species to form soluble products (Hunek and Cussler, 2002). It is possible 
that the rate-limiting step in a GXL is different from that in a pure solvent due to the 
effects of pressure and CO2 interactions.  In fact, specific molecular interactions between 
CO2 and polymers have been identified (Kazarian, 1996) that may affect polymer 
solubility.  Also, CO2 has been shown to accelerate the transport of species into a 
polymer (Berens, 1992), also likely affecting removal.  Interactions between CO2 and 
polymer chains suggest that solubility, and thus transport and dissolution, may be 
enhanced relative to that which would be expected if CO2 did not interact with the 
polymer and simply served as a diluent.  These effects may lead to greater removal rates 
than would otherwise occur simply due to improvements in the transport properties of the 
GXL. 
Efforts should be made to account for these more complex effects.  One approach 
to addressing such effects is to use ethane as an expansion gas.  Ethane is soluble in many 
organic solvents and therefore can be used for GXLs; however, ethane lacks the 
quadrupolar molecular interactions common with CO2.  Specifically, interactions can 
exist with the carbonyl oxygen in PMMA or the hydroxyl group in PHOST.  Indeed, 
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effects due to CO2 addition to water under elevated pressure and temperature in the 
removal of photoresist films have been observed that cannot be accounted for by acidity 
of the water (Chavez, Bakker, Hess, 2001).  Some properties of ethane and carbon 
dioxide are shown in Table 9.1.   
 
Table 9.1.  Comparisons of select properties of ethane and 
carbon dioxide. 
ethane carbon dioxide
Molecular Weight 30 44
Critical Temperature (C) 32.17 31.06
Critical Pressure (MPa) 48.7 73.8
Liquid Molar Volume (mL/mol) 55.2 37.3
Solubility Parameter (J/cc)1/2 12.4 14.56
Dipole Moment 0 0
Liquid Density at 298K (g/cc) 0.316 0.716
Viscosity at 298K (Pa-s) 3.73E-05 6.43E-05
Surface Tension at 298K (N/m) 8.60E-04 5.85E-04  
 
By comparing ethane- and CO2-expanded solvents, the specific effects of CO2 
may be identified.  That is, if ethane is used in a similar manner as CO2 to modify the 
physical properties of the liquid, but different dissolution rates are observed, this may be 
attributed to the specific CO2-polymer interactions.  One particular experimental 
technique that may be useful for investigating these interactions are microbalance 
sorption studies in which the mass of a polymer film is measured as a function of CO2 or 
ethane pressure.  Large sorption of a particular gas by a polymer can indicate significant 
interactions between the two components.  A quartz crystal microbalance (QCM) within 
a high pressure cell, a tool being assembled by equipping existing high pressure systems 
with feedthroughs for electrical contacts, can be especially useful for these 
measurements.  Changes in the mass of thin polymer films deposited on these crystals 
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can readily be detected (Lu, Czanderna, 1984) on the order of ng/cm2.  An additional 
analytical technique useful for investigating molecular interactions is FTIR.  An internal 
reflection FTIR cell in which films may be treated with elevated pressure fluids is 
depicted in Figure 9.1 (and detailed in Section 3.5).  With this technique, polymer films 
may be exposed to ethane, carbon dioxide, solvents, and mixtures of these at pressures up 
to 1000 psi.  Infrared absorption spectra can be acquired in situ so that chemical 




Figure 9.1.  Schematic of the FTIR high pressure cell in 
which a film of interest is deposited on a silicon 
waveguide.  The IR spectrum of the film can be obtained in 
situ as the film is exposed to a GXL. 
 
An additional means to investigate the mechanisms of dissolution in GXLs is to 
study the effects of modifying the structure of the polymer films.  The degree of 
crosslinking in a polymer film may be modified through baking and exposure to UV 
light.  This degree of crosslinking can have significant effects on the dissolution rate – 
films of high crosslink density may be resistant to swelling and thus may exhibit a lower 
dissolution rate in a GXL.  Therefore, if swelling significantly impacts the dissolution of 
a polymer film as expected, additional mechanistic insight may be possible.  
Microbalance sorption studies can be used to quantify the crosslink density of polymers, 
since films of greater crosslink density will absorb less gas.  This effect can be evaluated 








'  [9.1] 
in which the Langmuir capacity parameter, C’, is dependent on the crosslink density.  In 
addition, the glass transition temperature (Tg) of a film will vary with crosslink density.  
Tg may be measured with techniques such as spectroscopic ellipsometry (Keddie, 1994) 
and Differential Scanning Calorimetry (DSC).  Such studies can permit the dissolution 
rate of a film to be related to film morphology and structure. 
 
9.2 Investigation of Wetting and Feature Collapse 
The models of wetting described in Chapter 4 suggest limitations to conventional 
liquids.  However, experimental evidence corresponding to these models is necessary to 
provide additional insight.  There is interest in identifying the conditions under which 
patterns in photoresist and other materials will collapse and in identifying novel fluids 
that can be used to overcome this collapse.  Some research has been performed to identify 
collapse caused by drying of water-rinsed features after development.  For example, 
researchers have investigated the use of supercritical fluids for drying.  However, there 
are other indications that collapse may also occur during subsequent wetting steps.  
Capillary pressures, the cause of pattern collapse, are much greater during wetting than 
drying and may result in even greater collapse problems.  Efforts can be made to identify 
novel wetting fluids that may alternatively be used when wetting is a problem. 
Experimental investigation of wetting could be simplified through scale up to 
capillaries of diameter on the order of millimeters.  In fact, the wetting rate in a closed 
capillary could be compared to that described by the wetting model described in this 
thesis.  However, for a closed capillary with a diameter of 25 microns, the wetting rate is 
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predicted to be on the order of microns per day.  This rate would to small to detect within 
experimental error.  Therefore submicron features must be used to further study wetting. 
E-beam lithography can be used to fabricate high-aspect ratio structures in 
polymethylmethacrylate (PMMA).  Previous research (Cao, Domke, 2000) has indicated 
that drying of these features will result in deformation for aspect ratios (AR) greater than 
a critical aspect ratio for collapse (CARC) given by 
 5.1100/ += wCARC  [9.2] 
where w is the spacing in nm. 
Initial samples can be fabricated in which only the spacing, w, is varied.  The 
height (h), wall thickness (t), gap width (g), and line length (l) can be held constant.  
These dimensions are illustrated in Figure 9.2.  The line length must be large such that 
line ends do not affect the mechanical strength of the lines.  The gap width must be 
sufficiently large so that wetting is not hindered.  The contact angle of water on PMMA 
has been reported to be 73.7° (Kwok, 1998).  With this contact angle and a film thickness 









Figure 9.2.  The feature geometrical parameters are defined 
by the height (h), wall thickness (t), line length (l), gap 
width (g), and line spacing (w). 
 
Once the above pattern has been written with the electron beam, the PMMA can 
be developed in a standard TMAH solution, rinsed with DIW, and dried with a nitrogen 
gun.  The sample can then be scanned for defects with atomic force microscopy (AFM) 
and the percentage of collapsed features can be recorded as a function of spacing.  
According to the previously reported data, the features should collapse during drying 
only at the lower value of 100 nm.  The larger spaced lines should not collapse.  If the 
contact angle and surface tension, γ, of the liquid are known, the pressure gradient, ∆P, 
generated in the features can be calculated as 
 
w
P θγ cos2=∆  [9.3] 





A.  MATLAB Program for Estimating Wettability 
%Define the input parameters 
feature=2;  %feature type – 1 for trench, 2 for cylinder 
trig=2*feature; 
W=0.15e-6;   %width of feature, in m 
H=2e-6;      %height of feature, in m 
G=72/1000;   %surface tension of liquid, N/m 
CA=25;       %contact angle, degrees 
Mu=2/1000;   %liquid viscosity, Pa-s 
d=0.03;      %height of fluid on wafer, m 
rho=1000;    %liquid density(kg/m3) 
henry=150000;    %Henry’s constant(Pa-m3/mol) 
P0=101325;   %initial pressure of gas in feature, Pa 
PA=101325;   %applied pressure to liquid, Pa 
D=2e-9;      %diffusivity, m2/s 
R=8.314;     %gas constant, J/mol-K 
T=300;       %temperature, K 
v0=172;        %bulk velocity of liquid, m/s 
 
%calculate pressure in via 
Pvia=pvia(W,G,CA,PA,trig,rho,d); %see end of file 
ci=Pvia/henry;  %concentration at interface, dimensional, mol/m3 
cb=PA/henry;    %concentration in bulk, dimensional, mol/m3 
M=H*P0/R/T; %moles in via to be transported - units of mol/m^2 
 
%Define geometry, nodes and size of differences 
xf=0.2;     %m 
yf=(1+pi)*2*H*P0*henry*W/8/R/T/G/cos(CA*pi/180)*1.1;    %m 
tf=pi/D*(H*P0*henry*W/8/R/T/G/cos(CA*pi/180))^2*1.1;;      %Specify the 
maximum iteration time 
m=50;       %number of steps in x 
n=50;       %number of steps in y 
dx=xf/m;    %m 
dy=yf/n;    %m 
dt=dy*dy/2/D;%s 
 
%Initialize nodes and quantities 
BC=ones(m,1);       %concentration at the via on surface is 1 
Cp=zeros(m,n);      %concentration profile at present time step     
Cf=zeros(m,n);      %concentration at future time step 
Flux=0;             %flux at surface for a time step 
Total=zeros(m,1);     %total moles transported 
wettime=zeros(m,1); 
 
%Estimate the velocity profile for flow past a flat plate 
%calculate the momentum boundary layer thickness 
BL=zeros(m,1); 
for i=1:m 





    for i=1:m 
         
        if j<(BL(i)/dy) 
            v(i,j)=v0*(1.5*j*dy/BL(i)-0.5*(j*dy/BL(i)).^3); 
        else 
            v(i,j)=v0; 
        end 
    end 
end 
%Can alternately solve the velocity profile using finite difference 
 
%Find the solution to the dimensionless mass balance: 
% dC/dt=Dd2C/dy2-vdC/dx 
 
%Solve this equation implicitly using ADI (Alternating Direction 
Implicit) Method 
 








    A1(j,j)=2*D/dy/dy+1/dt; 
    A1(j,j+1)=-D/dy/dy; 
for j=2:(n-1) 
    A1(j,j-1)=-D/dy/dy; 
    A1(j,j)=(1/dt+2*D/dy/dy); 
    A1(j,j+1)=-D/dy/dy; 
end 
j=n; 
    A1(j,j-2)=-D/dy/dy; 
    A1(j,j-1)=2*D/dy/dy; 
    A1(j,j)=(1/dt-D/dy/dy); 
A1=sparse(A1);            
 
for k=1:2:(tf/dt) 
    i=1; 
        j=1; 
            b1(j)=Cp(i,j)/dt-v(i,j)*Cp(i+1,j)/2/dx+D*BC(i)/dy/dy; 
        for j=2:(n-1) 
            b1(j)=Cp(i,j)/dt-v(i,j)*Cp(i+1,j)/2/dx; 
        end 
        j=n; 
            b1(j)=Cp(i,j)/dt-v(i,j)*Cp(i+1,j)/2/dx; 
        Cf(i,:)=(A1\b1)'; 
            
    for i=2:(m-1) 
        j=1; 
            b1(j)=Cp(i,j)/dt+D*BC(i)/dy/dy-v(i,j)*(Cp(i+1,j)-Cp(i-
1,j))/2/dx; 
        for j=2:(n-1) 
            b1(j)=Cp(i,j)/dt-v(i,j)*(Cp(i+1,j)-Cp(i-1,j))/2/dx; 
        end 
        j=n; 
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            b1(j)=Cp(i,j)/dt-v(i,j)*(Cp(i+1,j)-Cp(i-1,j))/2/dx; 
        Cf(i,:)=(A1\b1)'; 
    end 
     
    i=m; 
        j=1; 
            b1(j)=Cp(i,j)/dt+D/dy/dy*BC(i)-v(i,j)*(Cp(i,j)-Cp(i-
1,j))/dx; 
        for j=2:(n-1) 
            b1(j)=Cp(i,j)/dt-v(i,j)*(Cp(i,j)-Cp(i-1,j))/dx; 
        end 
        j=n; 
            b1(j)=Cp(i,j)/dt-v(i,j)*(Cp(i,j)-Cp(i-1,j))/dx; 
        Cf(i,:)=(A1\b1)'; 
               
%Calculate the flux at the interface for this time step = D*dC/dy(y=0) 
    for i=1:m 
        Flux=D*(Cf(i,2)-4*Cf(i,1)+3*BC(i))/2/dy*(ci-cb); 
        Total(i)=Total(i)+Flux*dt; 
        if Total(i)>M, BC(i)=0; Cf(i,:)=0; 
            if wettime(i)==0, wettime(i)=k*dt;  end 
        end 
    end 
    if Total(m)>M, break, end 
    Total(m) 
    Cp=Cf; 
         
    k=k+1;  %2nd time step of ADI, implicit in x 
    j=1; 
        i=1; 
            A2(i,i)=1/dt; 
            A2(i,i+1)=v(i,j)/dx/2; 
            b2(i)=Cp(i,j)/dt+D*(Cp(i,j+1)-2*Cp(i,j)+BC(i))/dy/dy; 
        for i=2:(m-1) 
            A2(i,i-1)=-v(i,j)/2/dx; 
            A2(i,i)=1/dt; 
            A2(i,i+1)=v(i,j)/2/dx; 
            b2(i)=Cp(i,j)/dt+D*(Cp(i,j+1)-2*Cp(i,j)+BC(i))/dy/dy; 
        end 
        i=m; 
            A2(i,i-1)=-v(i,j)/dx; 
            A2(i,i)=1/dt+v(i,j)/dx; 
            b2(i)=Cp(i,j)/dt+D*(Cp(i,j+1)-2*Cp(i,j)+BC(i))/dy/dy; 
        A2=sparse(A2); 
        Cf(:,j)=A2\b2; 
           
    for j=2:(n-1) 
        i=1; 
            A2(i,i)=1/dt; 
            A2(i,i+1)=v(i,j)/dx/2; 
            b2(i)=Cp(i,j)/dt+D*(Cp(i,j+1)-2*Cp(i,j)+Cp(i,j-1))/dy/dy; 
        for i=2:(m-1) 
            A2(i,i-1)=-v(i,j)/dx/2; 
            A2(i,i)=1/dt; 
            A2(i,i+1)=v(i,j)/2/dx; 
            b2(i)=Cp(i,j)/dt+D*(Cp(i,j+1)-2*Cp(i,j)+Cp(i,j-1))/dy/dy; 
        end 
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        i=m; 
            A2(i,i-1)=-v(i,j)/dx; 
            A2(i,i)=1/dt+v(i,j)/dx; 
            b2(i)=Cp(i,j)/dt+D*(Cp(i,j+1)-2*Cp(i,j)+Cp(i,j-1))/dy/dy; 
        A2=sparse(A2); 
        Cf(:,j)=A2\b2; 
    end 
     
    j=n; 
        i=1; 
            A2(i,i)=1/dt; 
            A2(i,i+1)=v(i,j)/dx/2; 
            b2(i)=Cp(i,j)/dt+D*(Cp(i,j)-2*Cp(i,j-1)+Cp(i,j-2))/dy/dy; 
        for i=2:(m-1) 
            A2(i,i-1)=-v(i,j)/2/dx; 
            A2(i,i)=1/dt; 
            A2(i,i+1)=v(i,j)/2/dx; 
            b2(i)=Cp(i,j)/dt+D*(Cp(i,j)-2*Cp(i,j-1)+Cp(i,j-2))/dy/dy; 
        end 
        i=m; 
            A2(i,i-1)=-v(i,j)/dx; 
            A2(i,i)=1/dt+v(i,j)/dx; 
            b2(i)=Cp(i,j)/dt+D*(Cp(i,j)-2*Cp(i,j-1)+Cp(i,j-2))/dy/dy; 
        A2=sparse(A2); 
        Cf(:,j)=A2\b2; 
         
%Calculate the flux at the interface for this time step = D*dC/dy(y=0) 
    for i=1:m 
        Flux=D*(Cf(i,2)-4*Cf(i,1)+3*BC(i))/2/dy*(ci-cb); 
        Total(i)=Total(i)+Flux*dt; 
        if Total(i)>M, BC(i)=0; Cf(i,:)=0; 
            if wettime(i)==0, wettime(i)=k*dt; end 
        end 
    end 
    if Total(m)>M, break, end 
    Total(m) 
    Cp=Cf; 
end        
k*dt           
   
 
function [Pvia]=pvia(W,G,theta,PA,trig,rho,d) 






B.  Removal of Native Copper Oxides Using Acetic Acid 
Current IC manufacturing utilizes chemical mechanical polishing (CMP) for the 
planarization of copper films.  CMP is often followed by a DI water rinse to remove any 
slurry residue.  However, part of the mechanism of planarization is suggested to be 
oxidation of the copper.  If oxidized copper species remain after CMP, the DI water rinse 
will not remove the oxidized copper species, and in fact under some conditions may even 
further oxidize the copper.  Organic acids such as acetic acid have been investigated for 
use in alternate post-CMP copper cleaning process. 
Previous investigations in other industries have indicated that acetic acid will 
effectively remove oxides, and equally important will not etch copper.  In fact, vinegar is 
commonly used in households for cleaning of copper, and copper tanks are the generally 
recommended for large scale storage of acetic acid.  XPS has been used to identify the 
character and kinetics of copper oxidation species before and after the treatment of 
copper thin films with acetic acid.  
For the study of oxidation character and kinetics, a copper film was deposited 
onto a silicon wafer with a titanium adhesion layer.  This copper film was immersed in 
glacial acetic acid at 35°C for 1 min, dried with nitrogen, and subsequently exposed to 
air.  These are labeled Samples 1-5; 1 is immediate introduction into the vacuum system 
(approximately 30 seconds), 2 is 1 min, 3 is 8 min, 4 is 12 min, and 5 is 16 min in air. As 
the film was exposed to air, the film both oxidizes and adsorbs adventitious carbon.  A 
film exposed to air for a relatively infinite time is Sample 6.  XPS spectra of these films 
are shown in Figures B.1-4, and atomic concentrations are tabulated in Table B.1.  
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Normalized spectrum, in which the intensity of the peaks are equivalently scaled, are also 






































Figure B.1.  Absolute (left) and normalized (right) C1s 
spectra of copper films treated with acetic acid and 









































Figure B.2.  Absolute (left) and normalized (right) O1s 
spectra of copper films treated with acetic acid and 
subsequently exposed to air. 
 
 
Sample 1, 30 sec 
Sample 2, 1 min 
Sample 3, 8 min 
Sample 4, 12 min 
Sample 5, 16 min 






































Figure B.3.  Absolute (left) and normalized (right) Cu-
Auger spectra of copper films treated with acetic acid and 






































Figure B.4.  Absolute (left) and normalized (right) Cu2p 
spectra of copper films treated with acetic acid and 




Table B.1.  The atomic composition of copper films treated 
with acetic acid and exposed to air.  The fraction copper 
decreases with time as the amount of native oxide and 
adventitious carbon on the surface increases. 
 
Sample C% O% Cu% Preparation 
1 22.5 14.5 63.7 30 sec air exposure 
2 24.4 17.5 58.1 1 min air exposure 
3 22.9 26.3 50.8 8 min air exposure 
4 22.4 25.6 52.0 12 min air exposure 
5 29.1 27.1 43.8 16 min air exposure 
6 62.8 30.6 6.5 infinite air exposure 
  
 
Comparison of the Cu2p peak (Figure B.4) in all samples to the original sample 
(1) shows a tremendous increase in the proportion of copper in the analyzed region.  
These spectra are characteristic of a pure copper film, in that only the two peaks of 
Cu2p3/2 and Cu2p5/2 are present and the shake up peaks present in the original oxide are 
absent.  These spectra indicate that the original thick native oxide is removed.  However, 
a significant amount of oxygen is still present on the surface (Figure B.2). 
It is of interest to know the chemical form of the oxygen remaining on the surface.  
The O1s peak grows with increased air exposure.  Previous results (Chavez, 2001) 
indicate that this oxygen originates from a SiO2 sublayer, yet this is not present in these 
samples.  The copper Auger region indicates oxidation of copper does, in fact, take place 
with air exposure.  The ratio of metallic copper to its oxides decreases as air exposure 
time increases.  However, this Auger region for the sample with no air exposure is 
identical to that of a sputtered copper film.  This indicates that the oxygen present on the 
surface is not in the form of a copper oxide. 
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 Further agreement with this conclusion can be noted from the O1s peak.  Metal 
oxides exhibit a lower binding energy than do carbonates.  A shoulder is clearly seen in 
the spectrum.  If the lower binding energy is attributed to the metal oxide, it is clear that 
this peak occurs upon prolonged air exposure. 
 Carbon is also significantly decreased after exposure to the acetic acid bath, but 
the concentration increases with increased air exposure.  A shifted region of the C1s peak 
at 288 eV indicates a carbon-oxygen interaction.  While previous experiments (Chavez, 
2001) show this peak disappearing, it did not disappear here.  The ratio of the carboxyl 
peak to the carbon peak actually was at a maximum at the minimum air exposure then 
decreased with air exposure.   
 A further test was completed to determine if dissolved oxygen in the acetic acid 
was responsible for residual oxygen on the copper surface.  Acetic acid was purged with 
nitrogen for 1 hour to remove any dissolved oxygen.  A sample was immersed in the 
purged acetic acid for 1 minute at 35C and exposed to air for 30 seconds, analogous to 
Sample 1 (Table B.1).  The spectra were virtually identical to those observed previously, 
indicating dissolved oxygen has little if any effect on the concentration of oxygen on the 
copper surface. 
 Therefore, glacial acetic acid removes the native oxide from copper films.  
Residual carbonates remain on the copper surface, and upon exposure to air, oxidation 
and adventitious carbon deposition increases with time.  This study indicates the scope 
and capabilities of XPS for metal and metal oxide analysis. 
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C. Spatial Resolution on Patterned Surfaces (SR-XPS) 
For patterned, nonplanar films, XPS analysis becomes much more difficult. 
Unfortunately, XPS has poor lateral resolution since it is limited by its large analysis area 
(1-mm diameter spot).  Because devices of interest are sub-micron, it is not possible to 
directly sample these regions.  However, the surface sensitivity can be utilized in such a 
way that different geometrical regions may be analyzed.  This spatial resolution (SR) 
demands careful manipulation of the orientation of not only the sample, but of the 
analyzer and x-ray source.  By varying the angle of the sample relative to the detector, 
certain regions of the sample can be shadowed from either the x-ray source or the 
electron detector. 
The appropriate angle is dependent upon the geometry of the sample.  First, a 
sample having equispaced lines, vertical sidewalls, and square edges is considered.  The 
aspect ratio, A, can be defined as the height of the trench, h, divided by the width of the 







For these analyses, x-ray shading or electron shading is used.  In x-ray shading, 
the sample is tilted relative to the x-ray source so that the mask layer and geometric 
features prevent the bottom of the trench from being directly exposed.  Photoemission 
w
h 
Figure C.1.  Basic geometry of line/trench sample. 
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from the bottom of the trench does not take place.  When electron shading is used, the 
sample is angled so that the trench bottom is not in the line of sight of the electron energy 
analyzer.  In this case the analyzer primarily collects photoelectrons from the sidewalls 
and top layer of the sample.  A schematic of these techniques appears in Figure C.2.  This 
method is a less destructive approach than alternates available and requires no special 






Figure C.2. Illustration of a.) x-ray shading, and b.) electron 
shading.  Gray lines indicate shadowed regions. 
 
The shading approaches have been used in several studies.  For instance, one 
study used an oxide masked silicon wafer patterned with an SF6/50%O2 reactive ion etch 
(Oehrlein, 1998).  The XPS spectra contained Si 2p, O 1s, and F 1s peaks that were 
analyzed with the aforementioned method.  The sidewall film was determined to be a 
SiFxOy material with oxygen/silicon and fluorine/silicon ratios of 1.7 and 1.0, 
respectively.  XPS spectrum of the Si 2p peaks at different takeoff angles, for instance, 
yield distinct peaks for photoelectrons originating from the silicon in the substrate, 
trench, sidewall film, and oxide mask (Oehrlein, 1998). 
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This technique offers the ability to analyze sidewalls without cleavage of the 
sample.  However, the geometry of the sample must be known and must be uniform over 
an area greater than the spot size of the x-ray beam. Unfortunately, samples of this basic 
geometry are difficult to fabricate.  Commonly, sidewalls are sloped and corners are 
rounded.  Furthermore, electrons and photons have a finite penetration depth (this is a 
function of the material, but is on the order of 1 nm for electrons and 1 micron for x-
rays). 
A pattern with sloped sidewalls is illustrated in Figure C.3.  It is important to 
know how this profile would alter our ability to use SRXPS.  Preliminary experiments 
have been performed to evaluate the feasibility of using this technique with the XPS 
available in our lab.  It is proposed that an alternate method for determining the 
appropriate angles to resolve particular regions of a patterned film involves performing 
an analysis of the ratio of the main component of the trench bottoms to the main 
component of the line tops at varying angles with respect to the analyzer.  Furthermore, 
the efficiency of x-ray and electron shading may be determined by this analysis. 
 
 
Figure C.3.  Nonideal pattern with sloped sidewalls. 
 
Line-space patterns were fabricated by etching a 1-micron aluminum film (Figure 
C.4).  This pattern was uniform over the entire region of the sample.  Lines were 
approximately 10 microns wide:  spaces were approximately 3 microns wide.   
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Figure C.4.  Plasma etched aluminum lines, (nominally 3 
micron lines, 10 micron spaces). 
 
First, the sample was aligned in the XPS chamber such that the lines were 
perpendicular to the source-analyzer plane.  The sample was then rotated to various 
angles in this axis.  Angles are defined with respect to the analyzer.  The angle was varied 
from 20 to 75 degrees at intervals of 2.5 degrees.  The binding energy regions 
characteristic of silicon and aluminum were analyzed.  It is assumed that the predominant 
specie in the trench is silicon while the material on the top of the line is aluminum.  
Although silicon may be sputtered from the bottom of the trench and redeposit on the top 
of the lines, and aluminum may be deposited in the trench, the ratio Al:Si should be a 
maximum when the trench bottom is shadowed and minimum when the trench is fully 
exposed to the detector. Data were recorded as Al% in the total concentration of Si and 
Al detected. 
In Figure C.5, it can be readily seen that by changing the orientation of the 
sample, different regions of the pattern are exposed.  It is interesting to note that the curve 
is not symmetric about 45 degrees.  At angles less than 45 degrees, the basis of 
shadowing is electron shadowing, while at angles greater than 45 degrees, the x-rays are 
shadowed.  If these two effects were equally efficient the minimum of the plot would 
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Figure C.5.  Plot showing the effects of take off angle on 
trench area exposed.  Aluminum lines are oriented 
perpendicular to analyzer. 
 
At 45 degrees, a portion of the trench bottom is detected.  As the angle is 
increased, the detector sees more of the bottom, and less of the bottom is directly exposed 
to the x-rays.  But since the x-rays have a deeper penetration depth, fewer x-rays are 
blocked from the trench bottom than are exposed to the detector.  Hence, more of the 
trench bottom is detected.  As the angle is further increased the x-rays are completely 
blocked and a decrease in bottom signal is detected.  Since the maximum is shifted to 
approximately 60 degrees, it is clear that x-ray shadowing is less effective than electron 
shadowing, which can be attributed to the difference in the mean free paths. 
If the bottom of the trench were fully shadowed, a further change in the angle 
would not change the Al%, and the slope of the trendline would approach a value 
equivalent to the composition of the line tops.  The data does not conclusively reach a 
minimum at 25 degrees; additional data at angles less than 20 and greater than 75 are 
 113
needed to draw further conclusions.  Also, scans of higher resolution should reduce the 
scatter in the data. 
For the sample analyzed, the critical angle for which the bottom of the trench is 
completely shadowed is 25 degrees.  Electron shadowing gives better results in 
shadowing the bottom of the trench. 
The results shown in Figure C.6 compare spectra obtained when lines are aligned 
parallel and perpendicular to the analyzer.  It is apparent that some qualitative 
information relating to the spatial distribution in atomic concentrations can be obtained, 
although quantifying the data is difficult. 
 
 
Figure C.6.  Blue spectrum:  aluminum lines are oriented 
perpendicular to analyzer. Red spectrum:  aluminum lines 
are oriented parallel to analyzer.  With trenches exposed 
(Red), the atomic concentration of Si is 3.6% while when 
unexposed it is 0.5%.  
 

























































m Skip Auto by 1
859095100105110
Binding Energy (eV)
- Si 2p 
 114
SR-XPS is capable of detecting elements at fractions of an atomic percent.  
Perhaps this approach can be used in parallel with electrical testing to evaluate effective 
cleaning or may be useful when electrical testing is unavailable.  However, spatial 
resolution is limited if the geometry of the sample is poorly defined and dependent upon 
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